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ABSTRACT
Dams are a vital part of a nation's infrastructure. Considering the fact that many of the
dams in the United States have approached or are approaching their projected life expectancy of
50 years, these critical infrastructures represent a risk to public safety. Minimizing this risk
requires an ongoing safety inspection, monitoring, maintenance and rehabilitation program. This
research examines the use of a non-invasive geophysical seismic method to provide additional
information where the usual visual inspection is insufficient and the common boring
investigation is not an option. Even though seismic techniques provide valuable information of
the subsurface strata, the interpretation is not always uniform and consistent. In this research,
three seismic survey techniques, known as seismic refraction, Multichannel Analysis of Surface
Waves (MASW) and shear wave surveys were jointly considered for the purpose of dam
integrity assessment. Multiple techniques were applied to an earthen embankment dam with no
known defects near Oxford, Mississippi, and seismic refraction surveys were conducted on
another earthen dam in Lawrence County, Alabama, which has known problems associated with
seepage. Seismic tomograms are built using commercially available software for the
interpretation of data collected. The results provided insights on the natural seismic variability of
earthen dams. Some inferences are made on how seismic tomography images can be used to
detect compromised zones (i.e. seepage, piping, etc) within earthen embankment dams.
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1. INTRODUCTION
1.1 Introduction to dams and levees
The simplest definition of a dam is a restraining barrier built across a stream or a river. It
holds back the flow, causing a lake to form in the area just back of the dam. This stored water
can be used for a number of different purposes. In ancient times, dams were built for water
supply, flood control, and irrigation. Early in the development of the United States, rivers were a
primary means of transportation, and therefore navigation dams were constructed on the major
rivers. Dams have become more complex to meet large electric power demands and other needs
of present times.
It is almost impossible to know when and where the first manmade dam was built.
However, a good estimate would be 8,000 to 10,000 years ago in places known as Mesopotamia,
Egypt, and China. History indicates that it was in these places where human civilization
flourished when compared to other parts of the world. Archeological findings date the ruins of
ancient dams back 8,000 to 10,000 years. Although the time and place of the first dam
construction can be debatable, it is almost certain that the purpose was for irrigation. Some of the
other people to consider are the Assyrians, Babylonians, and Persians who built dams 700 to 250
BC for water supply and irrigation (Cullen, 1962).
For the past thousands of years, the changing water level of rivers has been a challenge to
humans. Levees, also known as dikes in some parts of the world, are built to keep a river from
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overflowing its banks or to prevent ocean waves from washing into usable land areas. Typical
levees are constructed by piling dirt or concrete along the riverbanks creating an embankment
with flat tops and sloping sides towards the water and the land side. Levees can also evolve
naturally along the banks of a river or canal. A rise in the level of the land around a river due to
the settlement of sediments after bank overtopping will cause the formation of a natural levee
along the riverbank. The difference between a dam and a levee is that a levee only operates to
restrict water in times of high flow.
According to the National Dam Inventory (NID, 2009), there are about 85,000 dams in
the United States. About 74,000, 87% of the total number, dams are earthen dams. The
distribution of these dams across the US is shown in Figure 1.1.

Figure 1.1: Dam distributions in the US by height (NID, 2009).
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According to a report to Congress in 2009 by the National Committee on Levee Safety
(NCLS, 2009), there are approximately 2,000 levee systems. These systems account for roughly
14,000 miles (22,530 kilometers) of levee infrastructure within the US Army Corps of
Engineer’s (USACE) program authority. This is roughly the same quantity of infrastructure as
the entire 85,000 dams in the National Inventory of Dams (NID, 2009). Other federal agencies
like the US Bureau of Reclamation (USBR) are responsible for another 8,000 miles (12,875
kilometers) of levee like structures along canals. According to early estimates, non-federal levees
may account for an additional 100,000 miles (160,934 kilometers) or more of levees nationwide.
Figure 1.2 shows the number of miles of levees by ownership in the United States.

Figure 1.2: Ownership of levees in the US (NCLS, 2009).
1.2 Motivation of research
Manmade structures are always susceptible to catastrophic disasters if they are not
designed adequately and monitored regularly. Earthen dams and levees are among such
structures. The majority of dams in the United States are past or approaching their projected life
expectancy of 50 years. Any type of dam beyond its projected life expectancy should be
monitored regularly and rehabilitated if required.
Historically, levees and levee systems were constructed in stages to mitigate the
problems at the time. This has resulted in levee structure having highly varying construction
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material, construction protocol, engineering design, and overall quality. Another issue with the
construction of levees is that the location is fixed to being at some nearby distance to the river.
This means that the engineers have to deal with the issues associated with the local geology such
as point bars and sand lenses. For many, if not all, historical levee constructions the issues
associated with the geology was either ignored or of secondary importance. Seepage and piping
are among the major causes of failure in earthen dams and levees. Figure 1.3 taken from the
National Performance of Dams Program (NPDP, 1997) shows that seepage and piping are the
second most common causes of dam failure. Since evidences of these processes are not visible at
the surface at the early stage, they can only be detected with visual inspection once the problem
is at an advanced stage. Other methods such as drilling can be used to detect these problems but
are usually used during latter stages of investigation because of cost and drilling holes in such
sensitive structures may cause problems of their own.

Figure 1.3: Causes of failure for all types of dams from 1975-2001 (NPDP, 1997).
Given the large number of dams and levees and the varying types of failure mechanisms
there is a need to implement simple, rapid, mobile, and non-invasive techniques to investigate
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the inside of a dam or levee. Geophysical techniques fulfill some of these prerequisites and
electrical based techniques have been developed to varying stages for such a purpose.
Mechanical based methods such as P-wave refraction, S-wave refraction, and Multichannel
Analysis of Surface Waves (MASW) might also be useful for this purpose. These techniques
provide a better spatial representation of the subsurface than drilling holes at different locations
on the dam.
This objective of this work is to study the applicability of multiple seismic tomography
techniques for the preliminary investigation of dams and levees. This approach could be highly
cost-effective by assisting engineers decide where drilling or rehabilitation is required. These
surveys can also be conducted in a monitoring approach where an initial survey of the dam is
used as a benchmark, and subsequent surveys over different periods of time can be used to assess
if there is significant change occurring inside the dam.
1.3 Previous work on seismic surveys on earthen dams and levees
Osazuwa and Chinedu (2008) conducted a seismic refraction survey to image highpermeability zones beneath an earthen dam in Nigeria. They collected seismic refraction data
running parallel and perpendicular to the dam axis along the flank of the dam. The main purpose
of their investigation was to provide a frame work for the characterization and mapping of
subsurface channels associated with water seepage in the vicinity of the dam. They observed that
seismic refraction tomography, even with its numerous deficiencies, can be successfully applied
to view the shallow subsurface high permeability zones responsible for seepage of water below
an earthen dam. Seismic refraction tomography can also be used to map and locate zones of
weak formations and potential seepage zones (Osazuwa et al., 2008)
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Ivanov et al. (2006) conducted a time-lapse seismic study on levees in southern New
Mexico. Their main objective was to measure the changes in P-wave and S-wave velocities in an
earthen levee during a ponding experiment designed to simulate flood conditions. They used Pwave refraction tomography and Multichannel Analysis of Surface Waves (MASW) for their
investigation on the levee. They observed that the S-wave velocity calculated using the MASW
method changed with respect to increased saturation caused by water infiltrating during the flood
simulation. The same water infiltrations caused no significant change in the P-wave velocity
except for some areas which had been affected by burrowing (Ivanov et al., 2006).
Powers and Burton (2008) conducted a series of geophysical investigation using directcurrent (DC) resistivity, seismic refraction tomography (P-wave and S-wave) on a zoned earthfill
embankment located in California called Success Dam. The dam has a potential risk for largescale deformation during relatively low-level earthquake shaking. Geophysical surveying was
required to provide a continuous image of the foundation toe for stability analysis. Seismic
surveys on the dam provided useful information on material saturation, consolidation, and depth
to competent bedrock. They concluded that S-wave refraction data provided results consistent
with traditional down-hole shear wave tests and combining P-wave refraction data with S-wave
refraction data provides additional capabilities for evaluating geotechnical properties (Powers
and Burton, 2008).
Rucker and Holmquist (2006) conducted surface seismic methods for locating and tracing
earth fissures and other significant discontinuities in cemented unsaturated soils and earthen
structures. They used seismic methods to identify anomalous large signal attenuations and first
arrival time delays in standard multichannel seismic refraction data. They concluded that seismic
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refraction is a cost-effective and non-invasive way to detect anomalies in unsaturated soils in arid
and semi-arid environments (Rucker and Holmquist, 2006).
Kilty et al. (1986) conducted a P-wave seismic refraction survey using controlled
exploding sources at Horse Mesa Dam. The survey was conducted to compare the seismic
refraction results to previous depth-to-bedrock information obtained from drill hole data. Results
were in great agreement with the visual topography and also compared well with the drill hole
data. They concluded that seismic refraction surveys can be used to reduce the number of
drillings required and provide bedrock depth with a more reliable interpolation between fewer
drill holes (Kilty et al., 1986).
Hickey et al. (2009) conducted a passive and active P-wave time-lapse survey on a small
earthen embankment dam. A metal pipe was placed in the dam body to be removed later to
initiate internal erosion by creating a pass way for water on the upstream side. A series of six
seismic surveys were conducted on the dam starting from the removal of tarps from the
embankment until the collapse of part of the embankment due to cavity formation from internal
erosion. Different stages of the internal erosion process were seen in the velocity tomograms as
different subsurface velocity distributions. These changes in velocity distribution were associated
with drying of the embankment, loading due to reservoir filling, start of internal erosion after
removal of the metal pipe, and air-cavity formation due to erosion. Time-lapse seismic refraction
tomography provided insights on the different stages of internal erosion (Hickey et al., 2009).
Ivanov et al. (2004) used seismic methods on five levees in southern Texas to determine
compressional and shear velocity (Vs) distribution within the body of the levees and examined
the relationship to existing core taken from the levee and airborne electromagnetic (EM) data.
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They concluded that extracting reliable shear velocity (VS) properties from the analyzed levee
sites is not possible with commonly available methods, or the true S-wave velocity make-up of
levees and other earthen structures is radically different than intuitively expected or predicted
based on native material studies. They suggest that studying levees for shear wave (VS)
properties may require the development of levee-specialized techniques (Ivanov et al., 2004).
Tomio and Tadahiko (2004) conducted a number of geophysical surveys; including
Multichannel Analysis of Surface Waves (MASW), resistivity, and multi-frequency EM method,
for the geotechnical characterization and safety assessment of a levee. A land streamer was used
to collect MASW data to speed up the field performance. Permeability and stiffness of the levee
body was determined through resistivity and shear wave data collected on the levee.
Combination of these surveys was recommended for a good assessment of the levees (Tomio and
Tadahiko, 2004).
Ivanov et al. (2009) conducted multiple seismic surveys for the evaluation of Ball
Mountain Dam in Vermont. The survey included Multichannel Analysis of Surface Waves
(MASW), refraction tomography, and vertical seismic profiling. Two dimensional (2D) P-wave
and S-wave velocity tomograms were produced along the dam crest and the access road. They
concluded that refraction and MASW tomography can be economically used for the
characterization of construction materials in earthen embankment dams (Ivanov et al., 2009).
1.4 Research objectives and work scope
The purpose of this research is to jointly implement different seismic tomography
techniques for the preliminary investigation of dams and levees.
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In Chapter 2, a general perspective of the magnitude and consequences of dam and levee
failures is presented. The traditional visual inspection method for dams and levees is discussed.
In Chapter 3, the sensitivity of the seismic velocity due to piping and seepage zones
within embankment dams is examined. Seismic velocity of soils depends on factors such as bulk
modulus, shear modulus, porosity, saturation, and density. When a soil becomes fully saturated,
Gassmann’s equation is utilized to model the new saturated bulk modulus of the soil. This
saturated bulk modulus is higher than the dry bulk modulus due to the added incompressibility of
the pore water. This increase in bulk modulus results in an increase in the P-wave velocity of the
soil. Since fluids do not have shear strength, full saturation of a soil mass does not affect shear
modulus. Seismic refraction and MASW methods as well as the field surveying equipment and
procedures are described. Data processing flows and the standard final seismic output to be used
for interpretation is presented.
In Chapter 4, quantitative seismic modeling of a dam is performed to examine how
changes in soil parameters such as bulk modulus, shear modulus, and porosity due to a finite
zone of seepage and piping will affect the seismic distribution of a dam. Three different
compromised zones are considered: a fully saturated zone (seepage zone), a zone of higher
porosity (a dry piping zone), and a saturated zone of higher porosity (active zone of piping).
In Chapter 5, the results of field surveys carried out on Drewery Lake Dam which is an
earthen embankment dam near Oxford, Mississippi are presented. P and S wave seismic
refraction and Multichannel Analysis of Surface Waves (MASW) were carried out for the
purpose of dam integrity assessment. Using multiple seismic surveys minimizes problems
associated with differentiating anomalies from the natural heterogeneity of the dam and therefore
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increases confidence in interpretation. This dam has no known defects and the results provide
insights on the natural seismic variability of earthen dams. Some inferences are made on how
seismic tomography images can be used to detect compromised zones (i.e. seepage, piping, etc)
within earthen embankment dams.
In Chapter 6, results of a second field survey conducted on Big Nance Site 4 Dam are
presented. Big Nance is an earthen embankment dam located in Lawrence County, Alabama,
with known problems associated with seepage and formation of sinkholes and slumped areas. Pwave velocity and ray coverage tomograms were constructed to determine the direction of
seepage flow responsible for the sinkhole and slumping. This field survey was also used to
understand the types of seismic anomalies that these types of defects produce in the tomograms
and can be used as a reference for similar investigations in the future.
In Chapter 7, the overall results are summarized and conclusions as a result of this
research are drawn. Recommendations for future research are presented.
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2. REVIEW OF EARTHEN DAMS AND LEVEES
2.1 Introduction
Dams and levees are a vital part of a nation’s infrastructure. They serve different
purposes ranging from recreational activities to water supply for hydroelectric stations. Even
though these structures provide necessary and valuable services, catastrophic consequences can
exist in the event of their failure.
Section 2.2 of this chapter gives an overview of vast number and distribution of earthen
dams and levees in the United States. Consequences of dam and levee failures and the causes of
these failures are presented in Section 2.3 and 2.4, respectively. Section 2.5 presents visual
inspection methods used for dams and levees. Section 2.6 summarizes the chapter and indicates
the shortcomings of visual inspections.
2.2 Overview of earthen dams and levees
Out of the estimated 85,000 dams in the US about 74,000 are earthen dams. An earthen
dam is a type of dam made from earth materials which can be a combination of sand, clay, and
rock. According to data from the National Inventory of Dams (NID, 2009), shown in Figure 2.1,
construction of about 29,000 dams was completed before the year 1960. Most of these dams
were constructed with a projected life expectancy of 50 years; therefore, they require an in-depth
investigation to direct appropriate remediation should they require one.
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Figure 2.1: Dams in the US by completion date (NID, 2009).
Levees are constructed along riverbanks to protect the land side of the levee from
flooding when the water level on the water side of the levee rises. These structures can be
constructed from earthen materials as in the case of earthen dams or they can be made from
concrete. A typical levee made from earthen materials is constructed by piling soil along the
riverbanks creating an embankment with flat tops and sloping sides towards the water and the
land side. Many of the older levees have been constructed by successive heightening over time.
This approach for constructing a levee of suitable height can result in an inherently unstable
structure. According to the National Committee on Levee Safety (NCLS, 2009) there are an
estimated 122,000 miles (>196,000 km) of levees currently in use in the United States.
The total number of dams and total length of levees in the United States illustrated that
these structures are an integral part of the entire Country’s infrastructure. Failure in these
infrastructures and cascading consequences will have a detrimental impact on the economy.
Dams are used for a number of purposes as shown in Figure 2.2. Large portions of these dams
are used for recreational purposes, flood control, and fire protection. Levees are mainly used to
protect the lives and infrastructures on the land side from flooding events.
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Figure 2.2: Dams in the US by completion date (NID, 2009).
Therefore these structures need to be properly designed and should be monitored for
signs of problems so that proper rehabilitation can be performed.
2.3 Consequences of dam and levee failures
Dam and levee break floods are usually associated with intense rainfall or prolonged
flood conditions. A dam or levee failure is almost always followed by devastating consequences.
Failure of a dam or a levee impounding a large amount of water can cause significant flooding.
This flooding could have enough energy to damage or destroy residences and other structures.
People and properties located in areas below the dam or on the land side of the levee will be
highly affected by the flood water. Some of the dangers associated with dam and levee failure
are: loss of life and property, displacement of people living in the downstream of the dam, loss of
public services such as electricity, and also loss of wildlife.
A) Loss of life due catastrophic dam failures has occurred frequently throughout the past
century. According to the U.S. Federal Emergency Management Agency (FEMA, 2008),
between the year 1918 and 1958, 1,680 deaths were recorded associated with the failure of 33
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dams in the US. According to the Louisiana Coastal Protection and Restoration (LCPR, 2009),
Hurricane Katrina of the 2005 Atlantic hurricane season breached a significant number of levees
on the coasts of New Orleans causing one of the largest devastating damage in the history of the
United States. About 1,836 lives were lost due to the hurricane.
B) Property damage in addition to the loss of life destroys vulnerable properties that are
located closest to the dam inundation area. These properties experience the largest, most
destructive surge of water. Low-lying areas are also vulnerable since this is where the dam water
collects. These damages to infrastructures will have a significant impact in the Country’s
economy. After Hurricane Katrina of 2005, a staggering $81 billion in property damage was
recorded.
C) Environmental damage occurs when the inundation of excess water has the potential
to introduce foreign elements and debris into local waterways. This will result in the destruction
of downstream habitat and have detrimental effects on many species of animals, especially
endangered species.
Dam or levee failures can have a greater environmental impact than that associated with a
natural flood event. A major concern regarding the environment occurs when floor water due to a
dam failure carries industrial and agricultural chemicals, wastes, solid wastes, raw sewage, and
common household chemicals that are spread throughout the flooded zone. These chemicals can
also enter the water supply system around the flooded area which would cause deadly diseases.
It is clear from the above discussions that the consequences of failures of dams and
levees are very catastrophic. Therefore, it is important to have a regular inspection and
maintenance of dams. A great amount of time and effort should be given to the design and
14

construction of dams and levees. Qualified engineers should also be assigned to make
inspections and measurements to see if the dam or levee is safe or needs maintenance.
2.4 Causes of failures in dams and levees
Dam failures can be arranged into four groups: overtopping, foundation failure, structural
failure, and other unforeseen failures. According to data obtained from the Department of
Ecology of the State of Washington (2007) shown in Figure 2.3, overtopping accounts for 34%
of dam failures nationally in the United States. Overtopping occurs when the water level on the
upstream side of the dam exceeds the height of the dam and flows over the downstream side of
the dam. This flow of water causes erosion of the back of the dam and can lead to total failure.
This can be caused by inadequate spillway design, debris blockage of spillway, or settlement of
the dam crest. The second cause of failure accounting for 30% of all failures nationally is
foundation defects. Foundation defects are caused by differential settlement, sliding and slope
instability, high uplift pressures, and uncontrolled foundation seepage and piping. Piping and
seepage are is the third most frequent cause of failure, accounting for 20% of all failures. These
problems originate as seepage and erosion along hydraulic structures (outlets, conduits, or
spillways), leakage through animal burrows, and cracks in dams. Piping of embankment material
into conduits through joints or cracks accounts for 10% of all dam failures whereas the
remaining 6% is caused by undetermined factors.

Figure 2.3: Failures in dams (Department of Ecology, The State of Washington, 2007).
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The magnitude of recorded damages from earthen dams range from complete
catastrophic failure resulting in large property damage and loss of life, to relatively minor
deterioration which may or may not necessitate remedial work. Even though catastrophic failures
are not that frequent, 1,090 dam safety incidents including 125 failures were reported between
the years 1999 and 2004 (Lane, 2008). The worst type of complete failure occurs when the
reservoir water suddenly breaks through the embankment and surges downstream in one
devastating flood wave.
There are many causes for failure of levees but most can be classified according to three
different mechanisms: structural causes, hydraulic causes, and causes involving surface
degradation (USACE, 2000).
Structural causes of levee failures are mainly dependent on the strength of the soil. One
example of structural failure is an impact on the body of the levee during occasions of heavy
storms and winds where physical objects collide with the levee. Other forms of structural failures
include tree damage, slope failures, and sliding. An example of a catastrophic structural failure in
levees is the 17th Street breach during Hurricane Katrina where 200ft (61ft) of the levee failed
due to sliding. (Heerden, 2005).
Failure of levees due to hydraulic causes is mainly dependent on groundwater flow and
pressure. This form of failure includes under seepage, piping, liquefaction, and internal erosion
and piping. Internal erosion and piping is associated with water passing through the levee itself
and causing internal erosion or piping by washing out smaller or finer soil particles of the levee
body which can lead to complete collapse (Shamy and Aydin, 2008).
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Surface degradation of levees includes different types of surface erosion caused by
surface water flowing over or against the surface of the levee. The most common causes of
surface degradation includes: overtopping, overtopping and jetting, surface erosion, and wave
impact (USACE, 2000).
2.5 Inspection of dams and levees
The purpose of a dam or levee inspection program is to identify problems and/or unsafe
conditions. Inspection is an integral part of a proper maintenance program for dams and levees.
A full and in-depth inspection of a dam should include visual inspection, formal inspection and a
safety review.
A) A visual inspection should be performed by a trained inspector. It is the simplest
form of inspection which involves walking on all accessible parts of the dam and carefully
examining the surface of all parts of the dam structure for erosion, slides, cracks, depressions,
vegetation, etc.
The frequency of visual inspections can be based on the dam’s hazard classification. A
more hazardous dam should have more frequent visual inspections whereas a reduced frequency
of inspection would suffice for a dam in a low hazard classification. According to the Federal
Emergency Management Agency (FEMA, 2008), high hazard dams should be fully inspected at
least every two years. Other factors such as weather and accessibility also affect the frequency of
the visual inspection. The dam inspector should keep a good record of features he observes on
the surface of the dam body to help him identify changes in the dam over time.
B) A formal inspection is performed by the individual who is responsible for the safety
of the dam. This can be either the owner of the dam or a qualified appropriate representative.
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This is an in-depth investigation of the dam and is usually done twice a year for high hazard
dams and once a year for low hazard dams. Observations from this inspection should be recorded
in a formal inspection report and should be kept by the dam owner for future references.
C) A dam safety review involves collecting all available previous and current records
of the dam. This includes all visual inspection, formal inspections, and laboratory tests on the
dam soils. It also includes an in-depth investigation of the structural stability of the dam starting
from the design assumptions. This type of investigation is usually performed when the dam is
classified as high hazard.
A proper dam inspection should cover all the possible areas of failure. This can be
possible if the time of inspection is planned in a manner which accommodates the problem
locations and possible occurrence times. It is important to review previous inspection notes and
pictures in order to allocate enough time to cover all areas interest. The inspection should be
planned to cover all parts of the dam; the crest, upstream and downstream embankments, the
abutments, the spillway, the reservoir banks, and the area below the dam. Table 2.1 provides
information on the problems and time of occurrence of these problems associated with the
different parts of a dam.
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Table 2.1: Suggested surveillance schedule (Dam Safety Guidelines, British Columbia, 2004).
Location

Upstream
slope

Crest

Problem
Slope failure

After rapid drawdown

Displacement of slope

After severe wind storms, icing or heavy

protection

rain

Tree or shrub growth

Year round

Settlement

After heavy rain

Rutting

Autumn

Tree and shrub growth

Year round

Seepage

When reservoir is at full supply level (FSL)

Downstream Slope failure
slope

Occurrence

When seepage is evident downstream slope

Rodent burrows

Spring and fall

Tree and shrub growth

Year around

Seepage

During high reservoir levels

Bulging indicating a slide.

After high reservoir levels

Tree and shrub growth

Year round

Debris blocking spillway or

Before spring runoff and periodically

trash racks

throughout the summer

Erosion.

After heavy rains or spillway operations.

Tree and shrub growth

Year round

Downstream
toe

Spillway

During high reservoir levels and during
Piping
operation and maintenance of the outlet

Outlet
Corrosion and erosion

Inspect annually
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Other features of the dam such as gates and valves should also be thoroughly inspected.
Taking as many photographs as possible is also very vital in the investigation of dams. Visual
problems in dams take months or years to develop therefore taking pictures over the inspection
time will allow the dam inspectors to see the physical change in the dam over the years.
Since the major purpose of doing a dam inspection is to gather and record all possible
information about the current condition of the dam, a good record collection method should be
implemented and planned before going to the dam site. A thorough dam investigation should
include:


Sketch and measurement all the deficiencies observed.



Description with words and photographs of all deficiencies observed.



A clearly defined location of all deficiencies with reference to a standard
reference point.

Levees are somewhat simpler than dams in that they have minimal structures for allowing
water to reach the protected side of the levee. However, levee sections are part of a greater levee
system. Levees and the levee system should be inspected for conditions that may compromise its
performance. The Risk Management Yearbook (Skinner, 2006), outlines what should be
inspected. These are listed below.
1) The current height of the levee should be measured by surveying to determine the
height of the levee at different intervals and compared to the levee specifications. If the measured
heights are lower than specified, then the possible cause should be determined.
2) Condition of the waterside and landside surface should be inspected with the
following questions in mind;
20



Has the slope surface separated or developed slides?



Is the surface suffering from erosion?



Is the grass or other armoring in good shape?



Is there any sign of animal burrowing activity?



Is there any evidence of inappropriate use?



Is there any large debris on the waterside that could cause turbulent water
flow, leading to surface erosion?

3) Conditions around pipes and gate structures should be checked for excessive
erosion and visible settlement.
4) Pipes and culverts that go through the levee should be located and checked for their
proper performance. Emergency operations at these locations might be required at night.
Therefore, levee inspectors must make sure these structures can be operated at night. In case of
an automatic valve system, simulation must be used to check the proper performance of the
system.
5) Other openings left for pedestrian, vehicular, boat, or rail traffic should be located
and become water tight with a gate. Inspectors should make sure that these gates can be operated
at night and that all the necessary tools required to operate them are available in the case of
emergency.
6) Internal drainage levees are sometimes provided with a pumping system landward
of the levees to move rain and seepage over the levee when the gravity drainage is interrupted. In
such cases, all pumps should be located and tested. Inspectors should also make sure there is
always an adequate power source available to operate the pumps which could be either electricity
or generator. The pumps should also be protected from possible flood.
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7) Water accumulation is problematic and levee inspectors should ask local public
works or the drainage department about any reports of unexplained water in the vicinity of the
levee.
2.6 Summary
An overview of the different causes of failure, consequence of failure, and common
inspection methods of dams and levees were presented. Even though all manmade infrastructures
are constructed with appropriate safety considerations, they are never fully free from risk. Poorly
designed, constructed, operated, or maintained dams and levees increase risk as they can provide
false security.
These structures should be monitored thoroughly and regularly to determine if there is
any deficiency in their designed performance. Having a comprehensive system of investigation
enables an early start on rehabilitation of the structures should there be any problems with them.
The traditional inspection techniques presented in this chapter provide a good insight on
the current external condition of the structures; they do not provide information on the internal
condition of the dams or levees. Seepage and piping through dams and levees and foundation
defects is only observed by visual inspections after the damage is well advanced. Referring to
Figure 2.3, 30% of dam failures are caused by foundation defects, which include uncontrolled
seepage and piping through the foundation. Additional 20% of dam failures are caused by
seepage and piping through the dam body. Cumulatively about 50% of causes of dam failures are
caused by internal problems. Therefore, additional methods of investigating these structures to
assess seepage or piping problems through the dam’s body or foundation at an early stage would
be beneficial. One approach is using geophysical investigations such as seismic refraction and
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multichannel analysis of surface waves (MASW). In the next chapter, the theoretical
backgrounds of these techniques are presented.
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3. SEISMIC METHODS
3.1 Introduction
Visual investigations of earthen dams and levees can only detect internal problems such
as seepage and piping after the damage has progressed significantly. Therefore, there is a need to
complement visual inspections with additional information in order to investigate these internal
problems. Many different types of geophysical methods are used to investigate the subsurface of
the ground. This chapter focuses on the seismic geophysical method.
Section 3.2 presents the fundamental relations for elastic deformations of soils. The
classification of seismic waves is presented in Section 3.3 and factors affecting the velocities of
these waves are presented in Section 3.4. Section 3.5 gives an introduction of the different
seismic surveying methods. Equipment and processing software used for seismic investigations
in this thesis work are presented in Section 3.6 and Section 3.7, respectively.
3.2 Elastic properties of soils and seismic waves
Seismic methods for subsurface investigation use the fact that elastic waves in soil and
rock travel with different propagation velocities. The procedure for seismic investigations
involves creating elastic waves using a seismic energy source, e.g. explosives, weight drops,
sledge hammers, etc and measuring the arrival time of the elastic wave at a number of other
locations using electromechanical transducers called geophones.
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The time taken for the elastic waves to travel from the seismic source to the receivers
depends on the path travelled and the velocity in the material along the path. Seismic waves
provide indirect information about the subsurface though its propagation velocity. Therefore,
understanding the factors affecting seismic velocities is vital for extracting relevant information
from seismic survey results.
The simplest model for the propagation of elastic waves in soils and rocks is based on the
theory of elasticity. The elastic properties of the subsurface materials are governed by two elastic
moduli, which define the linear relationship between the stress and strain of the soil.
For soils and rocks, seismic methods are dependent on two forms of elastic moduli
known as the bulk modulus (K) and the shear modulus (G). The bulk modulus of a soil body is
its resistance to a change in volume when a uniform compression is acting on it. Referring to the
hydrostatically compresses cube shown in Figure 3.1, In this case, the volume stress (Pv) is
negative in compression and the strain for this case is the change in volume of the cube (∆V)
divided by the original volume of the cube (V).

P

P

P
P
P

Figure 3.1: Example of hydrostatic compression of a cube.
The bulk modulus (K) of the cube is given by Equation 3.1
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The shear modulus (G) of a soil is defined as the resistance of the soil to shear when a
shearing stress is acting on it. Referring to Figure 3.2 it is given by the ratio of the shearing stress
(τ) to the shear strain ∆x approximated by tan θ.
∆x

τ

θ

θ

τ
Figure 3.2: Example of shear stress and strain.

Whenever an artificial impact force is applied to the ground, except very close to the
impact, most of the ground will have a vibration lasting for a very short time and then return to
its original position. This short vibration is due to the very small elastic strains, which balance
the stress created by the impact on the ground. The characteristics of this very small deformation
is a function of density, shear modulus (resistance to shear) and bulk modulus (resistance to
change in volume) of the soil. Whenever the stress varies with time, the strain caused by the
stress varies with time in a similar manner. This variation of stress and strain with time results in
the formation of seismic waves which are dependent on the elastic moduli and density of the soil.
3.3 Classification of seismic waves
Seismic waves are vibrations that travel through the earth carrying the energy released
during natural events such earthquakes or artificial sources such as explosives or impacts on the
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ground. Seismic waves are divided into two groups known as body waves and surface (interface)
waves.
3.3.1 Body waves
Seismic waves that travel through the interior of an elastic body are known as body
waves. When propagating through the soils, body waves always travel faster than surface waves
and have higher frequency content. Body waves in an elastic material are non-dispersive,
meaning all frequency components of the wave travel through the material at the same velocity.
This velocity is governed only by the elastic moduli and density of the material.
The propagation velocity (V) of a body wave in an elastic material is given by the general
formula,

Body waves are divided into two wave types known as compressional waves and shear
waves.
A) Compressional waves are also known as longitudinal, primary, or P-waves. The
name primary wave is given to them because when all wave types are propagating through the
same material they are always the first to arrive at a given receiver. Compressional waves
propagate through a body by compressional and dilatational uniaxial strains in the direction of
propagation, as shown in Figure 3.3, which explains why they are called longitudinal waves.
During the propagation of compressional waves, a given particle in the body oscillates about a
fixed point in the direction of wave propagation. Compressional waves travel in all mediums
including air and fluids where they are commonly referred to as acoustic waves.
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Since the propagation of a P-wave (Vp) is by uniaxial compressional strain, the
appropriate elastic modulus for the velocity formula is the axial modulus (ψ)

The velocity for a P-wave can be written in terms of the elastic moduli and density as

Figure 3.3: Propagation of P-wave by form of compression and dilation
(http://www.geo.mtu.edu).
B) Shear Waves are also known as transverse waves, secondary waves, or S-waves.
They are called secondary waves because they are the second wave to arrive at a given location.
Shear waves propagate by pure shear strain in a direction perpendicular to the direction of
particle motion as shown in Figure 3.4; therefore, they are also called transverse waves. A given
particle will oscillate at a fixed point in a plane, which is perpendicular to the direction of wave
propagation. The wave is said to be polarized because the particles oscillate along a defined line
perpendicular to the direction of wave propagation. In general, there can be two planes of
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polarization and therefore two shear waves. These are sometimes referred to as horizontally and
vertically polarized shear waves. S-waves can only propagate in materials that have shear
strength and therefore do not propagate through fluids.

Figure 3.4: Propagation of S-wave (http://www.geo.mtu.edu).
Shear waves propagate by a pure shear strain and the shear modulus is used in Equation
3.6 to obtain the shear wave velocity as

Comparing Equation 3.5 and 3.6 shows that compressional waves travel faster than shear
waves. The ratio

is independent of density and can be written in terms of the Poisson’s ratio

(ν) of the material as

29

Since the typical mean value for the Poisson’s ratio of consolidated soils is about 0.3,
then

Table 3.1 lists P-wave and S-wave velocity for a range of materials. The

table shows that the P-wave velocity is higher than the S-wave velocity for the same material.
Furthermore, in Table 3.1 the seismic velocity of sandstone is higher than that of sand. Sandstone
is a sedimentary rock formed from sand-sized grains of rock, usually quartz, and feldspar.
Sandstone is stiffer than sand due to cementation of the grains and therefore has a higher seismic
velocity. Geomaterials such as soils and rocks are mechanically complex and the elastic model
for these materials is a very simplified representation.
Table 3.1: Typical values of P-wave and S-wave velocities (http://www.earthsci.unimelb.edu.au/).
Material
Air
Water
Petroleum
Steel
Concrete
Granite
Basalt
Sandstone
Limestone
Sand (Unsaturated)
Sand (Saturated)
Clay
Glacial Till (Saturated)

P-wave Velocity (m/sec)
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1400 – 1500
1300 – 1400
6100
3600
5500 – 5900
6400
1400 – 4300
5900 – 6100
200 – 1000
800 – 2200
1000 – 2500
1500 – 2500

S-wave Velocity (m/sec)

3500
2000
2800 – 3000
3200
700 – 2800
2800 – 3000
80 – 400
320 – 880
400 – 1000
600 – 1000

3.3.2 Surface waves
Surface waves are types of seismic waves with a lower velocity than body waves. These
types of waves travel coupled to the surface of the earth. In a given elastic solid, these waves
propagate along the boundary of the solid. Surface waves are the most destructive part of a
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seismic wave during earthquakes and large explosions because of their low frequency, long
duration, and large amplitude.
A surface wave (interface wave) associated with the interface between two solid media is
known as a Stoneley wave. This wave has maximum intensity at the interface and decreases
exponentially away from the interface into both solids. The Scholte wave is a surface wave of the
Stoneley wave type associated with the interface between a fluid and a solid medium. This wave
has maximum intensity at the interface and decrease exponentially away from the interface into
both the fluid and solid medium.
Surface waves at the surface of the earth (assumed a free surface) are divided into
Rayleigh waves and Love waves.
A) Rayleigh waves are named in honor of John William Strutt, Lord Rayleigh, a
mathematician who in 1885 predicted the existence of these waves. The particle motion
associated with Rayleigh waves is retrograde elliptical in a plane perpendicular to the surface and
containing the direction of propagation as shown in Figure 3.5. The amplitude of Rayleigh waves
decrease exponentially with depth. Propagation of Rayleigh waves resembles the oscillatory
motion of water waves. These waves move the ground up and down, and side to side in the same
direction the wave is moving. Rayleigh waves involve shear strain and therefore can only
propagate through solid mediums.

Figure 3.5: Propagation of Rayleigh wave (http://www.geo.mtu.edu)
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In practice, Rayleigh waves travelling around the surface of the Earth are observed to be
dispersive; their waveform is undergoing progressive change during propagation as a result of
the different frequency components traveling at different velocities. This dispersion is directly
attributed to velocity variation with depth in the Earth’s interior (Knopoff, 1983).
The propagation of Raleigh waves has a combination of parallel and perpendicular
particle movements to the direction of propagation. In other words, they are composed of
compressional and shear wave particle movements. The equation for the propagation velocity of
Rayleigh waves (

is given by Achenbach (1975) in terms of the P and S- wave velocities of

the material;

The propagation velocity of Rayleigh waves is slightly less than that of shear waves.
B) Love waves are named in honor of a British mathematician, A.E.H. Love, who in
1911 worked out the mathematical model for this wave. Love waves propagate by horizontal
motion as shown in Figure 3.6.

Figure 3.6: Propagation of Love wave (http://www.geo.mtu.edu).
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3.4 Factors affecting seismic velocities
There are several factors that can affect seismic velocities through soils and rocks. Some
of them are (Uyank, 2011)
a) Lithological properties of soils (grain sizes, grain shape, grain type, grain size
distribution, amount of compaction, amount of consolidation and cementation)
b) Physical properties (porosity, permeability, density, degree of saturation, pressure,
and temperature)
c) Elastic properties (shear modulus (G), bulk modulus (K), Young modulus (E),
Poisson’s ratio (ν) and Lamé constant (λ))
All the above factors are interrelated and affect the seismic velocity. For example, higher
compaction will increase the shear and bulk modulus of the soil, reduce porosity, and therefore
increase the seismic velocity through that material.
One might be inclined to say that knowing the velocity and the density, one could infer
something about the type and state of the soil. Considering the high complexity of the subsurface
and other factors which come into play, it is difficult to use this simple relation to fully express
or identify the composition of the subsurface. For example, since rocks are combinations of
minerals with their own seismic velocity, it would be extremely difficult to fully express the
composition of a given rock from the seismic wave velocity.
Physical factors such as porosity are also a major factor affecting the seismic velocity of
soils and rocks. Porosity of a soil mass can be defined as the ratio of voids to the total volume of
the soil mass. It depends on the origin of the soil, grain size distribution, and on the shape of the
grains.
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For soils and rocks located at a depth in the subsurface, an increase in the overburden
pressure will also increase compaction. This process will cause a decrease in porosity increasing
the bulk and shear modulus which will lead to an increased seismic velocity. Increasing
confining stress increases the strength of the grain contacts, thereby increasing seismic velocities.
Grain contact between soil particles has a major influence on the shear wave velocity of soils.
When the soil mass is partially saturated, the water in the soil mass does not participate in the
shear strength of the soil. The water has an effect of adding more mass to the soil. The shear
wave passing through this soil will be fully transmitted by the grain-to-grain contact. Therefore,
when the porosity of a partially saturated soil increases, the grain-to-grain contact will decrease
causing a decrease in S-wave velocity.
Since P-waves can propagate through water, the presence of water in soil pores will cause
an increase in the P-wave velocity of the soil. This is due to the high modulus or
incompressibility of the water.
The other factor affecting seismic velocity is temperature. Keeping all other factors
constant and increasing temperature will cause a decrease in seismic velocity. This might be a
confusing fact because as the depth in the subsurface increases temperature also increases but
seismic velocities are known to increase with depth. This increase in seismic velocity is because
the decrease in seismic velocities due to an increasing temperature is compensated by the effect
of other factors such as pressure (Telford et al., 1990).
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3.4.1 Poroelasticity and Gassmann’s equation
A slightly more complicated model for a soil is to model it as a fully saturated porous
material, the total volume V can be divided in to two parts, the solid phase volume (Vs) and the
fluid phase volume (Vf),

When working with fully saturate soils, Vs is taken as the volume of the grain skeleton, and Vf is
the volume of the pore water. Considering Figure 3.7 of a saturated soil mass

Vf

ϕ

Vs

1- ϕ

Figure 3.7: Saturated soil mass with porosity ϕ.
the effective porosity (ϕ) of a porous soil mass is given by

When the soil is fully saturated the mass density (

where

is the mass density of the solid phase and

of the soil mass is given by the equation

is the mass density of the fluid phase.

Poroelasticity is a continuum theory used to describe an elastic porous body containing
interconnected fluid-saturated pores. The theory assumes that when a porous material is
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subjected to stress, the resulting deformation leads to volumetric changes in the pores of the
material. Considering a porous soil mass where the interconnected pores of the soil are filled
with water, the presence of water in the pores acts to stiffen the soil and causes the flow of pore
water by diffusion between regions of higher and lower pore pressure. According to Biot’s
deformation model, the total stress of a soil mass consists of both the effective stress given by the
strain of the solid structure and the pore pressure associated with the water in the pores.
Gassmann (1951) formulated equations, which can be used to predict changes in seismic
velocity for fully saturated rocks in the low frequency regime. Using this model, when a rock
mass becomes saturated, the P-wave velocity increases whereas the S-wave velocity decreases.
This is because the presence of water increases the bulk modulus of the rock, which overshadows
the effect of increased density, but the decrease in S-wave velocity is only due to the increase in
density.
Whenever a P-wave passes through a saturated soil mass, it will cause a bulk volume
deformation, which results in a pore volume change and causes a pressure increase in the pore
water. This increase in pressure causes an increase in stiffness and bulk modulus of the soil mass.
Shear deformation due to S-waves do not cause a change in the pore volume; therefore, having
different fluids does not affect the shear modulus. This fact leads to the conclusion that water
saturation of a soil mass should be correlated mainly to a change in the bulk modulus of the soil
(Han et. al., 2004).
Gassmann formulated equations, which can be used for estimating the effect of full
saturation on the bulk modulus of a porous material and is given by
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where

and

is the bulk modulus of the soil mineral grain,
bulk modulus of the dry rock, and
saturated shear modulus and

is the bulk modulus of the fluid,

is the

is the bulk modulus of the saturated rock.

is the

is the dry shear modulus of the soil.

Equation 3.14 indicates that the presence of pore water only affects the bulk modulus of
the soil and not the shear modulus. According to Berryman (1999), the shear modulus is not
affected by the presence of pore water due to the assumptions made by Gassmann for deriving
his equations (Han et al., 2004). These assumptions are


The porous material is isotropic, elastic, monomineralic, and homogeneous frame.



The pore space is well connected and in pressure equilibrium.



The medium is a closed system with no pore-fluid movement across the
boundary.



There is no chemical interaction between fluids and the rock frame (shear
modulus remains constant).

According to Gassmann’s assumptions, the shear modulus of the porous frame is not
affected by the addition of water. Since the porous material assumed is not granular, the only
effect of the added water is increasing the density of the porous frame.
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3.4.2 Influence of partial saturation and capillary pressure
Gassmann’s equations indicate that the bulk modulus of a saturated soil depends on the
porosity of the soil mass. However, pore spaces of a soil mass can be either fully saturated or
partially saturated. It is believed that the degree of saturation of the soil or rock mass plays a
major role in the seismic velocity through the material.
The bulk modulus of the pore fluid that is a liquid-gas mixture (partially saturated) is
related to the moduli of the fluid components as

where

is the effective bulk modulus of the fluid, S is the degree of saturation,

modulus of the liquid, and

is the bulk

is the bulk modulus of the gas. Equation 3.15 does not account for

capillary pressure.
The mass density (ρ) of a partially saturated soil mass is given as,

Berge and Bonner (2002) examined the effect of partial saturation on P-wave and S-wave
seismic velocities for unconsolidated materials. They observed that an Ottawa sand sample with
uniaxial stress of about 0.04 MPa follows Gassmann behavior. Their result shown in Figure 3.8,
illustrates that as the water saturation increases the P-wave velocity remains almost constant and
only increases dramatically when the degree of saturation approaches full saturation. The S-wave
velocity was observed to decrease slightly as the degree of saturation was increased. This
decrease was attributed to the density increase with saturation.
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Figure 3.8: Variation of seismic velocity with saturation (Berge and Bonner, 2002).
Equations 3.15 and 3.16 shows that degree of saturation affects seismic velocities by
changing the modulus of a material. The degree of saturation is related to the porosity of the
material, permeability of the material, and the capillary pressure acting inside the material.
Brooks and Corey (1964) formulated a relationship relating the degree of saturation to the
capillary pressure as shown below (Knight et al., 1998),

where

is the irreducible water saturation,

is the threshold pressure,

is the capillary

pressure, and λ is a constant for a given lithology. The threshold pressure is defined as the
measure of gas pressure required to initiate the displacement of water and is a property of the soil
or rock.
Even though Equations 3.17 to 3.19 are empirical formulas and lack generality, they
provide insight into the complex interrelationship between factors such as degree of saturation,
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capillary pressure, permeability and porosity. For granular materials such as soils, the capillary
pressure could provide a significant contribution to the grain contact stiffness and thereby affect
the seismic velocity. However, the capillary effect of the frame is not included in the analysis
stage in this thesis.
3.5 Seismic surveys
Since seismic velocities are related to the mechanical properties of soils through the
elastic moduli, the distribution of seismic velocities can be used to indirectly investigate the
subsurface of the ground. Seismic surveys have been used to investigate the Earth’s subsurface
structure with the use of seismic waves generated by dynamite, vibrators mounted on trucks, or
sledgehammers. These surveying methods are particularly well suited to the mapping of layered
sedimentary sequences and are therefore widely used in the search for oil or gas. The methods
are also well suited, on a smaller scale, to the mapping of near-surface sediment layers. Seismic
surveys can also indicate the location of water table and depth to bedrock (Kearey and Brooks,
1984).
In this thesis, three types of seismic surveys: P-wave and S-wave refraction surveys and
Multichannel Analysis of Surface Waves (MASW) are used.
3.5.1 Seismic refraction surveying
Seismic refraction surveying was the first major geophysical method applied to
subsurface investigation of relatively deep oil bearing geologic structures. It has been widely
used for near surface and high-resolution investigations. Some of the common applications for
seismic refraction surveying are depth to bedrock and groundwater investigations.
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A) Field Acquisition
Data acquisition for seismic refraction surveying, shown in Figure 3.9, requires placing a
line of multiple geophones on the ground surface and creating seismic waves using an impact
source at a shot point location. The seismic energy at the shot point will travel directly through
the upper layer and arrives at the geophones as a direct arrival, or it may travel down to deeper
layers, refract back to the surface, and arrive at the geophones as a refracted wave. The
geophones record these energies, which are stored as a time dependent waveform on a
seismograph and is referred to as a seismic trace. The record containing the information from all
the geophones in the spread is referred to as a seismogram. When the information is from a
common source it is also referred as a shot gather.

Figure 3.9: Field arrangement for seismic refraction surveying (http://subsurfaceimaging.net).
Seismic refraction requires quite simple processing, the first arrival time is the relevant
information required from the field seismograms. The first arrival time is the time it takes for the
first seismic energy to travel from the source to a geophone. These first arrival times are picked
for all geophones of the spread and are used to determine the velocity of seismic waves in the
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subsurface. The process of picking first arrival times depends whether a P-wave or S-wave
seismic refraction survey is being performed.
For a P-wave refraction survey, vertical component geophones are used as receivers and a
shot (hammer hit) is performed at a shot location by hitting vertically on a source plate.
Depending on the quality of the data, multiple shot records might be obtained at one location. A
shot record with improved quality can be obtained by stacking shot gathers at the time of survey
or at the time of processing. Stacking is the process of summing data to improve the signal-tonoise ratio, and improve seismic data quality. Figure 3.10 is an example of a shot gather from a
P-wave refraction survey. The red line on the shot gather indicates the location of the first arrival
picks.

Figure 3.10: P – wave shot gather sample for a 24 geophones line.
For an S-wave refraction survey, the data acquisition is more complicated because the Swave is slower than the P-wave. In order to extract the first arrival time for the S-wave,
horizontal component geophones are used and two different shot records are obtained at the same
shot location by hitting a shear source plate in opposite directions perpendicular to the geophone
line. These two shot records have S-wave energy with different polarities as shown in Figure
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3.11(a) and 3.11(b). Although this approach produces significant S-wave energy, it still produces
some P-wave energy that is observed as the smaller amplitude signal in Figure 3.11.

Figure 3.11: Two S – wave shot gathers (for 24 geophones) with opposite direction of
impact on a shear wave plate.
In order to determine the first arrival of the S-wave, the two shot records shown in Figure
3.11 are superimposed as shown in Figure 3.12. The higher amplitude signals having opposite
polarity is the first arrival of the S-wave energy. The red line in Figure 3.12 indicates the location
of the first S-wave arrival times. For the same line length of P-wave and S-wave refraction
survey, the S-wave survey will require twice the number of source impacts than the P-wave
survey.

Figure 3.12: Superimposing two opposite polarity S-wave shot records.
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B) Processing of field data
The first arrival times from the field data must be further analyzed using a traditional
approach, which are subject to restrictive assumptions or more advance tomography inversion
methods.
1) Traditional refraction processing
The traditional method of refraction surveying utilizes the time-distance (t-x) graph to
determine the seismic velocity of the subsurface and depth to the different layers.
According to Snell’s Law, refraction in general is governed by the equation,

where

is the incident angle of the incoming incident wave and

is the refracted angle of the

transmitted wave as shown in Figure 3.13(a). A special case of Snell’s law occurs when rays
from a seismic source are incident at critical angle (ic) and the angle of refraction (r) is 90
degrees. This type of refraction is known as critical refraction and is shown in Figure 3.13(b).

Figure 3.13: Refracted ray (a) and critically refracted ray (b).
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An offset (x) is defined as the distance between a seismic source and a geophone. For
receivers (geophones) at a very short offset, the first arrivals of seismic energy are always the
direct waves. Beyond an offset known as the crossover distance (x c), refracted rays from the
lower layer are the first arrival signals at the geophones. Figure 3.14 shows an example of a t-x
graph from a single shot gather with the first arrival times of the direct and refracted rays. The
red dots in the t-x graph indicate the arrival times of the direct waves for the first few geophones
located up to the crossover distance (xc). After the crossover distance, all the first arrivals are the
refracted waves from the lower layer and are represented by the green dots. For the two
horizontal layer case shown in Figure 3.14, the velocity of the waves in the first layer can be
obtained by the inverse of the slope of the arrival times of the direct waves (red dots). Similarly,
the inverse of the slope after the crossover distance is used to obtain the velocity in the second
layer.

Figure 3.14: Time-distance graph for refraction in horizontal layers.
For a traditional refraction survey where a horizontal planar interface is assumed, the
travel time for the direct wave in both the two and three layer cases are shown in Figure 3.15.
The t-x graph for the two-layer case is shown in Figure 3.15(a) and for three-layer case; it is
shown in Figure 3.15(b).
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For geophones placed at an offset less than the cross-over distance, the arrival time is related to
the offset as

From Equation 3.21, the inverse of the slope of this segment of the t-x graph is the
velocity of the first layer.
The wave from the source (S1) to a receiver past the crossover distance will travel from
S1 to A and from B to the receiver (R1) with the velocity of the first layer (v1) and from A to B
with the velocity of the second layer (v2). Using simple geometry and Snell’s law where

1 2, the time (t) taken by the wave to travel from S1 to R1 along the path S1ABR1 can be
calculated using the equation,

Figure 3.15: Time-distance graph for a refraction survey on two and three layers
having horizontal surfaces (Parasnis, 1979).
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Equation 3.22 represents the second line segment in the t-x plot and has a slope that is
related to the velocity of the second layer as

and the y-intercept (ti) is known as the intercept

time. The offset (x) value at the point of intersection of the two lines is defined as the crossover
distance (xc). Equating Equation 3.21 with Equation 3.22, we obtain an expression for
calculating the crossover distance (xc)

One approach for obtaining all the subsurface information is to calculate the velocity in
the first and second layer from the slopes of the line segments, and the depth to the second layer
(h1) from the crossover distance using Equation 3.23. Another approach for calculating the depth
(h1) is to use the value of the y-intercept,

For the three-layer case shown in Figure 3.11(b), a similar procedure can be followed to
obtain the thickness of the second layer (h2) given by

A similar derivation can be performed for any number of layers if the velocity of the
layers increases with depth. The t-x graph will have as many segments with different slopes for
different layers. Modifications to the above equations are made to account for dipping layers and
irregular interfaces.
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Determining the velocity distribution of the subsurface using seismic refraction surveying
depends on the time of arrival of the first seismic waves at the receivers on the ground. There are
three cases where some layers may be undetected. These three cases are shown in Figure 3.15.

Figure 3.16: Hidden and blind layer problems.
The hidden layer problem occurs when there is an increase of velocity with depth but
some layers do not produce first arrivals on the t-x graph. In other words, waves refracting from
deeper layers arrive at the surface before the overlying layer. There are two cases that cause a
hidden layer problem. The first is because the layer is very thin as shown in Figure 3.16(a). The
other case is due to a very small velocity contrast from the top layer and is shown in Figure
3.16(b). The blind layer problem occurs when a layer of lower velocity is sandwiched in-between
two layers of higher velocity as shown in Figure 3.16(c). In this case, the assumptions for
refraction interpretation are not valid.
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Table 3.2 gives a summary of the advantages and disadvantages of seismic refraction
tomography.
Table 3.2: Advantages and disadvantages of traditional seismic refraction surveying
(http://www.earthsci.unimelb.edu.au).
Seismic Refraction Surveying
Advantages

Disadvantages

Refraction observations generally employ

Refraction seismic surveying works only if the

fewer source and receiver locations and are

speed at which the waves propagate the Earth

thus relatively cheap to acquire.

increases with depth.
Refraction surveys are generally interpreted in
terms of layers. Hidden and blind layers will

Minimal processing is performed on refraction
observations with the exception of trace scaling

lead to incorrect interpretation.

or filtering to help in the process of picking the

Refraction seismic surveys only use the arrival

arrival times of the initial ground motion.

time of the initial ground motion at different
distances from the source.

2) Seismic refraction tomography
The traditional approach for interpreting refraction data uses t-x graph to determine the
depth and velocity of different layers subject to somewhat restrictive assumptions. More
advanced methods that have less restrictive assumptions are currently being developed. One very
prominent method is the use of seismic wave energy for imaging the velocity and ray coverage
distribution along sections of the ground known as seismic tomography. A seismic tomography
study is based on travel time anomalies observed for many ray paths, sampling the Earth between
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various points near the Earth’s surface and reaching different depths in its interior. This complex
sampling of the subsurface is used to formally resolve the velocity distribution into 2D or 3D
models (www.landtech.org). Images obtained from seismic tomography are referred as seismic
tomograms.
The assumption in the traditional refraction survey is that the subsurface is divided into
different layers and each layer has a constant velocity and density throughout the layer. Although
this assumption simplifies the process of determining the velocity, it is not an accurate
representation of the subsurface because velocity can vary laterally within a single layer. Seismic
tomography overcomes this problem because tomograms are built by dividing the subsurface
into grids of small squares as shown in Figure 3.17. Increasing the number or these small squares
increases the resolution and accuracy of the tomograms (Padina et al., 2006).

Figure 3.17: Example of gridding for seismic tomography.
Referring to Figure 3.17, the wave from the source travels through 14 squares with
different distance and time in each square. The total time taken for the wave to travel from the
source to the geophone is given by
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where

is the total time taken by the wave to travel from the source to the geophone,

distance traveled by the wave in each grid, and

is the

in the velocity of the wave in each grid.

To build tomograms, multiple shot records must be carried out and recorded with
multiple geophones. All these shot records are then loaded into a processing software to obtain
the first arrival picks. An example of a first arrival plot for multiple shots into a 48 geophones
line is shown in Figure 3.18. The x-axis is the station number in the field given in meters and the
y-axis is the first arrival time at the geophones in milliseconds. The highlighted line corresponds
to the travel times for only one-shot record. Each additional set of lines originating at the upper
axis corresponds to data from another shot. In this example, the shot spacing is one meter and
starts a station location -0.5m.

Figure 3.18: First arrival time plot for multiple shots into a 48 geophones line.
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The general approach in seismic refraction tomography is to minimize the difference
between the measured first arrival times and the travel times in the grid system. For the example
shown in Figure 3.17, the minimum value of

is obtained by changing the

velocity of each grid block and the path the wave is travelling. Different inversion techniques are
used to perform this minimization and determine the velocity in each grid. The velocity value in
each grid is used to construct velocity tomograms for the section using different
imaging/interpolation software.
A 2-D velocity tomogram is a station location (distance) versus depth image showing the
velocity distribution in the subsurface. Figure 3.19 shows an example of a P-wave velocity
tomogram for a 48 geophones survey line. The locations of the geophones are indicated by the
red triangles in the figure. The velocity tomogram is plotted using color scales depending on the
value of the velocity obtained for each grid after processing the first arrival times.

Figure 3.19: An example of a P-wave velocity tomogram for a 48 geophones survey line.
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A ray coverage tomogram is a plot showing the number of rays passing through the grids
used to obtain the velocity tomogram. A high number of ray coverage at a given location is an
indication that more rays traveled through that location. Figure 3.20 shows the ray coverage
tomogram associated with the velocity tomogram shown in Figure 3.19.

Figure 3.20: An example of a P-wave ray coverage tomogram for a 48 geophones survey line.
Seismic tomography requires a multiple numbers of shot records in contrast to the
simpler traditional refraction methods. All the shot records are processed together to obtain
velocity and ray coverage tomograms. These tomograms are ideal in the investigating interior of
dams and levees because they provide a good spatial image. This is a great advantage over
boring program where data is collected at specific locations of interests and interpolated for the
areas in-between boreholes. Furthermore, unlike a boring investigation, seismic refraction
tomography is a non-invasive method of subsurface investigation, which can be performed
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multiple times on the surface of dams and levees without causing any modification of the
structures.
3.5.2 Multichannel Analysis of Surface Waves (MASW)
The use of surface waves, to measure the shear wave velocity distribution of the
subsurface, was first introduced in the method of Spectral Analysis of Surface Waves (SASW).
This method which is based on a two-receiver acquisition and processing scheme fails to account
for unfavorable waves such as higher modes of surface waves, body waves, and ambient waves
(Park et al., 1997).
In the early 1990’s, a new method utilizing multiple channels was developed known as
Multichannel Analysis of Surface Waves (MASW). This method uses an acquisition similar to
traditional seismic exploration acquisitions where multiple receivers (geophones) are used along
a straight survey line.
During active seismic surveys, about 70% of the energy from the source is in the form of
Rayleigh waves, which is the principle component of ground roll (Ivanov et al., 2001). MASW is
a seismic surveying method based on the knowledge that S-wave is the dominant influence on
Rayleigh wave. According to studies done by Steeples (1998), the Rayleigh wave velocity for a
rock with an approximate Poisson’s ratio of 0.25 is approximately 92 percent of the S-wave
velocity. For materials with higher Poisson’s ratio ranging from 0.4 to 0.5, the percentage
increases to 94 to 95.5 percent, respectively.
In this thesis, MASW surveys were conducted to compare with S-wave velocity
tomograms obtained from the S-wave refraction survey.
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A) Field Acquisition
MASW surveying is divided into two types depending on the type of source and field
arrangement used for the survey.
i) Active MASW surveying uses sources such as a sledge hammer or weight drop. Figure
3.21 shows the typical field arrangement of active MASW. The field layout for active MASW
survey is similar to the layout used for refraction surveying. It utilizes a linear receiver array but
whole arrangement is rolled along the survey line until the whole survey area is covered
(www.masw.com). The main difference is the offset of the seismic source from the first receiver
in the linear array. For MASW this distance should be sufficiently long to insure the full
development of surface waves.

Figure 3.21: Source – receiver arrangement of active MASW (www.masw.com).
Table 3.3 provides recommended acquisition parameters for MASW surveying
depending on material type and total spread length (L). Referring to Figure 3.21, the source
offset (x1) and the receiver spacing (dx) are the two important parameters in the field
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arrangement. The source offset (x1) needs to change in proportion to the maximum depth of
investigation (Zmax). It is recommended to have the source offset greater than the maximum
depth of investigation to insure that there is enough surface wave in the data. Smaller receiver
spacing (dx) will increase resolution. Maximum depth of investigation (Zmax) depends on the
longest wavelength (Lmax) of the surface wave, which is governed by the impact power of the
seismic source. Usually Zmax is approximately half the longest wavelength (Lmax)
(www.masw.com).
Table 3.3: Recommended acquisition parameters for active MASW (Park et al., 2002).
Material type
(Vs in m/sec)

x1
(m)

dx
(m)

L
(m)

Optimum
Geophone
(Hz)

Optimum
Source
(Kg)

Recording Sampling
Time
Interval
(msec)
(msec)

Very soft

1-5

0.3–0.5

≤20

4.5

≥5

1000

1

5-10

0.5–1.0

≤30

4.5

≥5

1000

1

10-20

1.0–2.0

≤50

4.5 - 10

≥5

500

0.5

20-40

2.0–5.0

≤100

4.5 - 40

≥5

500

0.5

(Vs < 100)
Soft
(100<Vs<300)
Hard
(200<Vs<100)
Very hard
(500 < Vs)

The active MASW field surveys conducted for this thesis were easily obtained when
performing a P-wave refraction survey. This is one of the advantages of using MASW data
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because it reduces the data acquisition time rather than conducting additional S-wave refraction
surveys.
ii) Passive MASW surveying uses the signals that are generated by sources not related to
the survey. This can be traffic vibrations or any natural vibration around the area of the survey.
The term passive is used to indicate that an active source is not used in the generation of the
seismic energy. However, an active source such as a sledgehammer is sometimes used at the start
of the survey to initiate the recording of the seismic data from the passive sources as shown in
Figure 3.22 (www.masw.com).

Figure 3.22: Field arrangement of passive roadside MASW (www.masw.com).
Passive MASW is further divided into passive roadside MASW and passive remote
MASW. The passive roadside MASW uses the same linear arrangement as the active MASW
and uses local traffic as a seismic source as shown in Figure 3.22. The passive remote MASW
has a two dimensional geophone arrangement, which can be a circle, or a cross type arrangement
as shown in Figure 3.23. This type of arrangement is usually implemented to have a focused
survey at a particular location and is dependent on the availability of space
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Figure 3.23: Field arrangement of passive remote MASW (www.masw.com).
B) Processing of field data
Generation of seismic waves for a seismic survey is a combination of both body and
surface waves propagating in all directions. Additional waves are also created around the survey
area due to ambient vibrations coming from different human activities. One of the main
advantages of the MASW is its capability of distinguishing the fundamental mode Rayleigh
wave against other waveforms such as body waves and other types of surface waves as shown in
Figure 3.24.

Figure 3.24: Advantage of MASW – dispersion image showing different modes of
seismic waves (Park et al., 2007).
58

When there is variation in shear wave velocity with depth, the surface waves will have
different propagation velocity or phase velocity (Cf) for each frequency (f) component. This
frequency dependency is what is referred to as the dispersion of surface waves. An example of a
dispersion curve is shown in Figure 3.24(c) (Park et al., 2004).
The dispersion properties of different types of waves are imaged through a method that
converts the multichannel record into an image where a dispersion pattern is recognized in the
transformed energy distribution as shown in Figure 3.24(c). This enables the selection of the
dispersion curves associated with the fundamental Rayleigh mode and avoid other energy. The
phase velocity or the propagation velocity shown in Figure 3.24(c) is mainly dependent on the
elastic property of the subsurface covered by the Rayleigh wave. This dispersive property of
Rayleigh wave is what is utilized in investigating the change in the elastic property of the
subsurface material (Park et.al., 2007). The final step is the inversion of the Rayleigh wave
dispersion curve to obtain an S-wave velocity profile (one-dimensional S-wave velocity function,
Vs vs. depth) at a given location.
A typical 2-D Rayleigh wave survey is shown in Figure 3.25. The data is collected along
a survey line by a roll along procedure as shown in Figure 3.25(a). This data is then sorted into
common midpoint gathers. One-dimensional S-wave profiles along the survey line are then
generated from the dispersion curves at each common midpoint (CMP) gather as shown in
Figure 3.25(b).
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Figure 3.25: General steps to obtain S-wave velocity man from MASW (Park, 2004).
Each one-dimensional S-wave profile is assumed to be located at the common midpoint
of the geophone line. A two-dimensional vertical section of S-wave velocity shown in Figure
3.25(c) is finally generated by interpolation (Xia et.al., 2000). The MASW survey does not
provide a tomogram but a two dimensional map of velocity distribution by interpolation.
Although the MASW survey can provide a two-dimensional map of the shear wave
velocity distribution faster than S-wave refraction survey, there are some limitations on the
method. One of the limitations is that MASW velocity maps are obtained by interpolation of
multiple one-dimensional S-wave velocity profiles located at the center of the common midpoint.
This interpolation reduces the resolution of the S-wave velocity map compared to the S-wave
refraction velocity tomograms.
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3.6 Seismic equipment
For this thesis work, commercially available seismic equipment was used to conduct a
series of seismic surveys. Table 3.4 lists the major and supplementary equipment used to collect
P-wave refraction, S-wave refraction, and MASW data.
Table 3.4: List of equipments used for refraction and MASW seismic surveys.
Major Equipment

Supplementary Equipment

GeodeTM , Geophones (vertical (GS32CT) and
horizontal (GS20DM)), Geophone cables, Seismic

12 volt battery, DC to AC

source (Sledgehammer), Source plate (P-wave and

converter, Tape measure, Ground

S-wave), Field laptop (with MGOS software),

markers, and flags.

Communication cable. and Source cable extension
i) A GeodeTM is the yellow box shown in Figure 3.26. It can accommodate from 3 to 24
geophones and a system of GeodesTM can handle up to 1000 geophones. GeodesTM are available
with two types of software used to view and manipulate the data collected on the field. The first
is the Single Geode Operating System (SGOSTM), which is used to control a single geode with
up to 24 geophones. The second operating system is the Multiple Geode Operating System
(MGOSTM), which is used to handle multiple geodes with multiple lines of geophones. The
MGOSTM is more suitable for large-scale surveys as it includes the roll function, real-time
spectral window, and other additional features.
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Figure 3.26: Field laptop and GeodeTM (Yellow Box).
ii) Geophones are velocity transducers used to measure the ground vibrations associated
with the seismic waves. The geophones used for this thesis work were 10Hz, 635 Ohm, GS32CT
vertical (P-wave) geophones and horizontal 10Hz, 600 Ohm, GS20DM (S-wave) geophones.
These geophones are from Geospace Technologies and are shown in Figure 3.27.

Figure 3.27: 10Hz Vertical and horizontal geophones.
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The sensitivity of a geophone output is specified in volts per unit of velocity, and is
determined by the number of windings in the coil and the strength of the magnetic field. Figure
3.28 shows the response curve for the vertical geophones used in this thesis with different
damping values.

Figure 3.28: Geophone response curve of a 10Hz vertical geophone (Geospace technologies).
iii) Seismic source and plate is used to input the seismic energy into the ground. There
are different types of seismic sources available. The selection of the source depends on the
location of the survey and amount seismic energy required. Some of the commonly used seismic
sources include


Explosives



Air gun



Plasma sound source



Thumper truck (weight drop)



Seismic vibrator (Vibroseis)
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Boomer sources



Sledge hammer, etc.

For this work, an 8 lb sledgehammer and a 10 x 10 cm aluminum impact plate shown in
Figure 3.29 were used as a source for P-waves. A trigger is attached to the hammer handle to
start the measurement as soon as the hammer meets the aluminum plate.

Figure 3.29: 8 lb. Sledgehammer with trigger and P-wave source plate.
A different type of source plate, shown in Figure 3.30, was designed for S-wave surveys.
The source plate weighs 15 kilograms and has an aluminum side impact plate. It also has a
number of spikes attached to the bottom of the plate. It is designed in a way that a person can
stand on it while hitting. The additional weight on the plate allows for better coupling to the
ground. The sledgehammer is used to hit the source plate sideways to induce a horizontal
movement.
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Figure 3.30: S-wave source plate.
3.7 Seismic survey processing and imaging software
There are different commercially available software for the processing of seismic data. In
this thesis, two commercially available software, Rayfract TM and SeisImager/2DTM is used for
the processing of P-wave and S-wave seismic refraction data. MASW data is processed using
SeisImager/SWTM.
i) RayfractTM was developed by Intelligent Resources Inc. and allows imaging of the
subsurface P-wave and S-wave velocity with lateral and vertical velocity variations. The
software uses the smooth inversion tomography method, which is based on physically
meaningful modeling of seismic first break energy. RayfractTM uses the Wavepath Eikonal
Traveltime (WET) method (Sheehan et al., 2005). In this method, both P- wave and S-wave
propagation are modeled with wavepaths known as Fresnel volumes instead of conventional
seismic rays (Watanabe et al., 1999). A Fresnel volume is defined as a set of many waves
delayed after the shortest travel time by less than half a period. It is derived by calculating travel
times from a source and from a receiver (Watanabe et al., 1999). This approach increases the
numerical robustness of the method because in reality a wave does not strictly propagate solely
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along a line. A wave is a collective phenomenon in which the particle motion is organized over a
finite region of space (Spetzer and Snieder, 2004).
A generalized RayfractTM flowchart is given in Figure 3.31. Data collected in the field are
imported to the software as ASCII or SEG2 files. Once the data is imported, geometry is
specified, and the first breaks are picked. First breaks are times in milliseconds, measured
relative to the time when the shot was fired using the sledgehammer, at which the first energy
arrives at the corresponding receiver.

Figure 3.31: Generalized RayfractTM flow chart (Rohdewald et al., 2010).
There are two processing options available in Rayfract, which differ by the choice of
initial model. The first option is to use the Delta-t-V method to generate the initial model. This
initial model can then be gridded using Surfer or other gridding software. RayfractTM can
automatically link to Surfer 8 and grid this file for the user, or it can be done manually using
Surfer or another gridding software package. The disadvantage of using the Delta-t-V output for
the initial model is that there may be artifacts in the Delta-t-V output that are not removed
completely by the subsequent tomography algorithm (Sheehan et al., 2005). The second option
within RayfractTM is to use the smooth inversion algorithm. This automatically creates a one
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dimensional initial model based on the Delta-t-V results. It then extends this 1D model to cover
the 2D area of study (Sheehan et al., 2005). The smooth inversion method is used in this thesis.
After a proper number of iterations, plotting software called Surfer 8 from Golden
Software is automatically invoked by RayfractTM to show the final velocity and ray coverage
tomograms of the subsurface.
ii) SeisImager/2DTM is software used for the processing and imaging of refraction data
developed by Golden Software. SeisImager/2DTM consists of two modules called PickWinTM and
PlotRefaTM. PickWinTM is used to process the field data and is used for picking first breaks
whereas PlotRefaTM is the main analysis program or the interpretation module. PlotRefaTM
imports the output of PickWinTM and through the application of an inversion technique provides
a velocity tomogram. SeisImager/2DTM offers three separate types of analysis methods
(SeisImager/2DTM Manual, 2005)


Linear least squares (time –term method) employs a combination of linear least
squares and delay time analysis to invert the first-arrivals for a velocity section.



Reciprocal method is used to solve more complex refraction problems and works
best with highly redundant data with 24 geophones or more per shot, and requires a
greater degree of input when compared to the time-term method. This method can
provide a refractor depth below each geophone provided the delay time for that
geophone can be determined.



Tomography inversion method starts with an initial smoothly varying velocity model
and interactively traces rays through the model with the goal of minimizing the RMS
error between the observed and calculated travel times. Typical flow of tomographic
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inversion using SeisImager/2DTM is shown in Figure 3.32. The tomography method
of inversion was used in this thesis work.

Figure 3.32: Typical flow of tomographic inversion in SeisImager/2DTM
(SeisImager/2DTM Manual, 2005).
iii) SeisImager/SWTM is software developed by Golden Software for the processing and
imaging of multichannel active and passive source surface wave data. This software has the
capability to (SeisImager/SWTM manual, 2009)


Input and display data.



Control how data is displayed.



Make changes or corrections to data files and save them.



Calculate and edit dispersion curves.



Invert data for one-dimensional shear wave velocity curves.



Interpolate one-dimensional shear wave velocity for a two-dimensional shear wave
velocity cross-section.



Display results in graphical form.
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SeisImager/SWTM has three main modules known as PickWinTM, WaveEqTM, and
GeoPlotTM used for surface wave data analysis. PickWinTM is used to preprocess the wave data
collected. After loading the field data, source-receiver geometry is adjusted and the common
midpoint (CMP) cross-correlation gathers are calculated. After obtaining the CMP crosscorrelation gathers, phase velocity is calculated and is used to generate a phase velocityfrequency plot. The highest amplitude of each frequency line is then picked either automatically
or manually to obtain a dispersion curve. After the dispersion curve is obtained, it is imported to
WaveEqTM where the initial model is calculated. This initial model is viewed using GeoPlotTM.
The final model is obtained after running the inversion in WaveEqTM. The final tomography is
viewed with GeoPlotTM (SeisImager/SWTM manual, 2009).
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4. FORWARD MODELING OF AN EARTHEN DAM
4.1 Introduction
Chapter 3 introduced the different types of seismic surveys used for the investigation of
earthen dams and levees. These methods are proposed to identify compromised zones in dams
and levees associated with seepage and piping.
In this chapter, forward modeling of an earthen dam is performed using a modeling option
found in RayfractTM to investigate how different compromised zones are indicated in the velocity
and ray coverage tomograms of P-wave and S-wave refraction surveys. Section 4.2 introduces
the basic model used for the forward modeling. This model is based upon measured velocities of
an actual dam. A fully saturated zone is added to the basic model in Section 4.3 to represent a
zone of seepage. In Section 4.4, a zone of piping is added to the basic model to represent an area
of a dam where the fines are washed out. This zone of piping is then fully saturated and inserted
into the basic model in Section 4.5. Summary of the results obtained are given in Section 4.6.
4.2 Basic model
The basic model is a dam body being 50m long at the surface and 40m long at the bottom,
with a height of 5m as shown in Figure 4.1. The abutments are sloped with a one to one ratio.
This dam is surrounded in a 60m wide and 10m deep native ground.

Figure 4.1: Dimension of the basic model.
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For the basic model, the native ground is assumed to have a P-wave velocity of 500 m/s at
the surface and linearly increases with depth to 1500 m/s at a depth of 10m. The dam body is
assumed to have a P-wave velocity of 400 m/s at the surface and linearly increases to 700 m/s at
the bottom of the dam. These assumed velocity values increase as a function of depth due to the
increase in confining pressure and compaction. Equation 4.1 and 4.2 express the linear
distribution of the P-wave velocity through the native ground,

and the dam body

where z is depth.
For the P-wave velocity model, there is a sharp discontinuity in the velocity at the interface
of the dam body and the native ground. The velocity is 700 m/s in the dam body and 1000 m/s in
the native ground. Similar discontinuities in velocity also exist at the interface of the dam body
and the abutments.
The S-wave velocity for the dam body and native ground are calculated assuming a
Poisson’s ratio of 0.2, which is representative value for a clay soil under drained conditions. For
the dam body the S-wave velocity is given by,

and for the native ground,

where z is depth.
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There also exists similar sharp discontinuity in the S-wave velocity values between the
interface of the dam body and the native ground at the bottom of the dam and the abutments. The
S-wave velocity transitions from 430 m/s at the bottom of the dam body to 611 m/s in the native
ground.
The field geometry for the models consists of 60 geophones placed on the surface with a
spacing of 1.0m. The first geophone is located at 0.5m and the last geophone is located at 59.5m.
A total of 61 shots are modeled for both P-wave and S-wave surveys with a source spacing of 1m
starting from 0m and ending at 60m. A group of 61 shots into 60 geophones yields a total of
3660 first arrival time records which are used for the forward modeling.
4.2.1 P-wave velocity basic model
Using Equations 4.1 and 4.2, the basic P-wave velocity model shown in Figure 4.2 was
obtained using Surfer 8TM.

Figure 4.2: P-wave velocity basic model of the dam.

The velocity model and acquisition geometry is imported into Rayfract TM. The forward
modeling option in RayfractTM is used to calculate the arrival times for all source-receiver
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combinations. In actual applications, the first arrival times would be obtained from the shot
gathers collected in the field.
The 3660 first arrival times are imported to RayfractTM and processed to obtain the velocity
and ray coverage of the subsurface. The P-wave velocity tomogram for the basic dam model in
Figure 4.2 is shown in Figure 4.3 and the ray coverage is shown in Figure 4.4. The outline of the
dam is overlaid in these figures.

Figure 4.3: P-wave velocity tomogram for the basic model of the dam.

Figure 4.4: P-wave ray coverage tomogram for the basic model of the dam.
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Referring to the P-wave tomogram shown in Figure 4.3, the velocity value at the surface of
the dam is close to the 400 m/s value in the basic model. The 500 m/s velocity value of the native
ground at the surface is also well represented in the velocity tomogram. The 1500 m/s contour
line which should be located at 10m depth is located between 10m and 11m which is a good
approximation.
The sharp discontinuity in velocity at the interface between the dam body and the native
ground, located at a depth of 5m in the model, is not shown as a sharp discontinuity in the
velocity tomogram. The 700 m/s contour line is located at 3.5m depth and the 1000 m/s contour
line is located at 6m depth on the velocity tomogram. However, the true interface is located near
the midpoint of the 700 m/s and 1000 m/s contour lines. This is due to the effect of the
smoothing process by RayfractTM to obtain the tomograms. This indicates that sharp
discontinuities in velocity are smoothed out in seismic tomograms.
The sharp discontinuities in velocity at the location of the abutments are indicated by the
rise in the velocity contours following the shape of the abutments. The ray coverage plot also
indicates the location of the abutments with high ray coverage curving around the dam body.
Identifying the abutment in the seismic survey tomograms is very important because they are an
area where seepage has a higher probability of occurring. A better indication of the abutment
might be obtained if the width of the survey was extended and the geophone spacing reduced.
4.2.2 S-wave velocity basic model
The S-wave velocity model obtained using Equations 4.3 and 4.4 is shown in Figure 4.5.
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Figure 4.5: S-wave velocity basic model of the dam.
After forward modeling and subsequent inversion, the S-wave velocity and ray coverage
tomograms are shown in Figure 4.6 and 4.7.
The velocity value at the surface of the dam in the tomogram is approximately the same as
the 245 m/s value in the basic model. The 306 m/s velocity value of the native ground at the
surface is also well represented in the velocity tomogram. The 919 m/s contour line which should
be located at a depth of 10m is well represented.

Figure 4.6: S-wave velocity tomogram for the basic model of the dam.
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As in the case of the P-wave velocity tomogram for the basic model, the sharp
discontinuity in S-wave velocity at the base of the dam body and the native ground is smoothed
out and is located between the true velocity values of 429 m/s and 612 m/s as shown in Figure
4.6. The sharp discontinuity in velocity at the location of the abutments is indicated in a similar
way as in the case of the P-wave velocity tomogram with the rise in the velocity contours
following the shape of the abutments. The ray coverage plot also indicates the location of the
abutments with high ray coverage curving around the dam body.

Figure 4.7: S-wave ray coverage tomogram for the basic model of the dam.
4.3 Case 1- A zone of seepage
To investigate how a zone of seepage will appear in the P and S-wave velocity and ray
coverage tomograms, a 2m by 2m fully saturated zone is inserted into the basic model of the dam
as shown in Figure 4.8.
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Figure 4.8: Location of a 2m x 2m fully saturated zone inside the dam.
For the center of the saturated zone (z = 3.5m) shown in Figure 4.8, the average value of
the P-wave velocity in the basic model is calculated to be 610 m/s using Equation 4.2. Similarly,
using Equation 4.4 a value of 374 m/s is obtained for the S-wave velocity. It is assumed that the
zone of seepage is of constant velocity with no gradient. Using a porosity of 30% and the grain
density value given in Table 4.1, the density of the dry zone is calculated to be 1855 Kg/m3.
Table 4.1: Assumed values for the starting model
Parameters

Assumed values
30%

Porosity

2650

Grain density
Density of air

1.23

Density of water

1000

Bulk modulus of grain

36.6 GPa

The dry shear modulus of the zone is determined to be

using Gassmann’s

equation and the dry shear wave velocity of the zone. According to Gassmann’s assumptions, the
water in the porous structure does not carry shear load and the shear modulus of the dry soil is
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the same as the shear modulus of the saturated soil. However, when the zone becomes fully
saturated, the density increases to 2155 Kg/m3. Therefore, the S-wave velocity of the fully
saturated zone is calculated to be 347 m/s, and is only slightly lower than the S-wave velocity of
the dry zone which is 374 m/s. This slight decrease in S-wave velocity is only due to the increase
in density.
Since soils are granular material the S-wave velocity of a saturated soil is not affected
only by density, as predicted by Gassmann’s equations. Factors such as grain suspension and
lubrication of grains contacts play a factor in decreasing the shear modulus of a saturated soil.
Therefore, a shear wave velocity less than that produced by Gassmann’s equation can be
expected for saturated soils.
The dry P-wave velocity of the zone (610 m/s), the dry density of the zone (1855 Kg/m3),
Pa) are inserted to Gassmann’s equation and a

and the dry shear modulus of the zone (
value of

is obtained fot the dry bulk modulus of the zone. Gassmann’s equation is

then used to determine the saturated bulk modulus (

of the zone of seepage and a value of

is obtained. One of the assumptions for Gassmann’s equations is that the porous
frame consists of a single solid material. When such a material is saturated and a seismic load is
applied to it, due to the very short duration of the seismic load, the water in the porous structure
has no time to drain, therefore it gets compressed. Since it is difficult to compress water a high
bulk modulus for the saturated structure is obtained.
The P-wave velocity of the zone of seepage is calculated using the saturated bulk
modulus is

m/s. The P-wave velocity for unconsolidated clays is in the range 1000 m/s to

2500 m/s (Kearey et al., 1984). This large increase in the P-wave velocity is due to 100%
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saturation with water. The degree of increase in bulk modulus is much higher than the degree of
increase in density, resulting in a high P-wave velocity.
To investigate how this saturated zone will produce an anomaly in the P and S-wave
velocity tomography, the forward modeling was performed with the saturated zone added to the
basic model of the dam above and keeping all other parameters the same.
4.3.1 P-wave velocity model of a dam with a zone of seepage
A 2m x 2m saturated zone was added to the basic P-wave velocity model and is shown in
Figure 4.9. This saturated zone has a constant P-wave velocity of

m/s as calculated using

Gassmann’s equation. All other parameters of the dam are kept constant. The first arrival times
are calculated using the forward modeling capabilities of RayfractTM. These travel times are
then processed using the inversion algorithms in RayfractTM.

Figure 4.9: P-wave velocity model of a dam with a zone of seepage.
Figure 4.10 shows the resulting P-wave velocity tomogram. The velocity tomogram does
not fully resolve the saturated zone but is indicated by a higher velocity value or by a rise of the
higher velocity contours below the zone.
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Figure 4.10: P-wave velocity tomogram of a dam with a zone of seepage.
The ray coverage tomogram shown in Figure 4.11 has a high ray coverage zone at the
location of the saturated zone. This is expected because seismic rays prefer to travel through an
area of higher P-wave velocity. The ray coverage delineates the shape of the zone better than the
ray coverage. There is a circular low ray coverage area just below the zone which could be the
shadowing effect of the high velocity zone above it.
Traditionally ray coverage has only been used estimate the confidence limit on the
interpretation of the velocity tomogram. In other words, if an area of the tomogram has high ray
coverage then the velocity at that location is more reliable than an area with low ray coverage.
Even though it is difficult to associate physical properties of the soil with ray coverage, it can be
used to locate anomalous zones as shown in Figure 4.11.
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Figure 4.11: P-wave ray coverage tomogram of a dam with a zone of seepage.
4.3.2 S-wave velocity model of a dam with a zone of seepage
The same 2m x 2m saturated zone was added to the basic S-wave velocity model and is
shown in Figure 4.12. This saturated zone has an S-wave velocity of

m/s as calculated using

Gassmann’s equation.

Figure 4.12: S-wave velocity model of a dam with a zone of seepage.
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The S-wave velocity tomogram shown in Figure 4.13 does not show any anomaly
associated with the saturated zone. This is because the S-wave velocity of the zone calculated
using Gassmann’s assumption does not have significantly contrast from the nearby dam body.
The ray coverage tomogram shown in Figure 4.14 does not show the saturated zone as
clearly as in the P-wave case. There is a small indication of the zone indicated by low ray
coverage or a depression in ray coverage. An exaggerated ray coverage plot shown in Figure
4.15 shows this depression in ray coverage at the location of the zone.

Figure 4.13: S-wave velocity tomogram of a dam with a zone of seepage.
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Figure 4.14: S-wave ray coverage tomogram of a dam with a zone of seepage.

Figure 4.15: Exaggerated S-wave ray coverage tomogram of a dam with a zone of seepage.
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4.4 Case 2- A zone of piping (Dry condition)
To investigate how a zone of piping might appear in the P and S-wave velocity
tomograms and ray coverage plots, a 2m by 2m zone affected by piping is inserted into the basic
models.
For the piping model, it is assumed that the fines in the zone are washed out. To model
this effect the porosity of the zone is increased from the initial value of 30% to 40%. Using the
increased porosity and the grain density of the soil, the density of the zone of piping is calculated
to be 1590 Kg/m3. A 10% increase in porosity will greatly decrease the bulk modulus of the soil.
Therefore, the P-wave velocity of the piping zone is assumed to decrease by 40% to a value of
366m/s. This decrease in value is based on previous lab measurements of sand-clay mixtures. A
large reduction in P-wave velocity is expected in the zone and as the porosity of the zone is
increased, the P-wave velocity will approach the speed of sound in air which is about

m/s.

Using a Poisson’s ratio of 0.2, the shear wave velocity is calculated to be 224 m/s.
Using Gassmann’s equations, the dry shear modulus of the zone is calculated to be
and the dry bulk modulus of the zone is

.

4.4.1 P-wave velocity model of a dam with a zone of piping (Dry condition)
The 2m x 2m zone was added to the basic P-wave velocity model as shown in Figure
4.16. The velocity of the zone is less than the velocity of the surrounding dam material.
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Figure 4.16: P-wave velocity model of a dam with a zone of piping (Dry condition).
The velocity tomogram and ray coverage after inversion is shown in Figure 4.17 and
Figure 4.18 respectively. Evidence of the piping zone is only a small depression in the velocity
contours along the central vertical axis of the zone as shown in Figure 4.17. This is more easily
observed by the depression in the

m/s contour line just above the top of the zone.

Figure 4.17: P-wave velocity tomogram of a dam with a zone of piping (Dry condition).
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The associated ray coverage tomogram shown in Figure 4.18 indicates the location of the
pipe with a slight decrease and depression in ray coverage. An exaggerated ray coverage plot
shown in Figure 4.19 shows this decrease in ray coverage around the piped zone. Low ray
coverage is expected because seismic waves prefer to travel through a material with higher
velocity.

Figure 4.18: P-wave ray coverage tomogram of a dam with a zone of piping (Dry condition).

Figure 4.19: Exaggerated P-wave ray coverage tomogram of a dam with a zone of piping (Dry
condition).
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4.4.2 S-wave velocity model of a dam with a zone of piping (Dry condition)
The 2m x 2m dry piping zone was added to the basic S-wave velocity model as shown in
Figure 4.20. This zone has S-wave velocity of

m/s.

Figure 4.20: S-wave velocity model of a dam with a zone of piping (Dry condition).
Figure 4.21 shows the velocity tomogram after processing the model with RayfractTM. It shows
no sign of the dry piping zone. This is because the contrast in velocity between the zone and the
surrounding dam material is not big enough to be detected.

Figure 4.21: S-wave velocity tomogram of a dam with a zone of piping (Dry condition).
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The ray coverage tomogram shown in Figure 4.22 shows a slight decrease in ray
coverage around at location of the zone. This decrease in ray coverage is also observed in the
exaggerated ray coverage tomogram shown in Figure 4.23.

Figure 4.22: S-wave ray coverage tomogram of a dam with a zone of piping (Dry condition).

Figure 4.23: Exaggerated S-wave ray coverage tomogram of a dam with a zone of piping (Dry
condition).
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4.5 Case 3- A fully saturated zone of piping
Case 3 considers a model where the dry zone of piping in Section 4.3 is fully saturated
with water. The bulk density of the zone increases to 1990 Kg/m3 due to the addition of water.
The shear modulus does not change with changes in the fluid type, therefore, remains at
. The corresponding shear wave velocity is calculated to be 200 m/s.
Gassmann’s equation is used to determine the saturated bulk modulus (
The value for the bulk modulus is

of the zone.

resulting in an associated P-wave velocity of

m/s.
4.5.1 P-wave velocity model of a dam with a fully saturated piping zone
The 2m x 2m fully saturated piping zone is added to the basic P-wave velocity model as shown
in the Figure 4.24. This zone has a P-wave velocity of

m/s as calculated above.

Figure 4.24: P-wave velocity model of a dam with a fully saturated zone of piping.
The location of the fully saturated piping zone is not fully resolved but clearly indicated in the Pwave velocity tomogram shown in Figure 4.25. The high velocity contrast of the zone causes the

89

high velocity contours to rise. The ray coverage tomogram shown in Figure 4.26 also indicates
the location of the zone with increased ray coverage at the zone.

Figure 4.25: P-wave velocity tomogram of a dam with a fully saturated zone of piping.

Figure 4.26: P-wave ray coverage tomogram of a dam with a fully saturated zone of piping.
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4.5.2 S-wave velocity model of a dam with a fully saturated piping zone
The 2m x 2m fully saturated piping zone was added to the basic S-wave velocity model as shown
Figure 4.27. This zone has an S-wave velocity of

m/s as calculated above.

Figure 4.27: S-wave velocity model of a dam with a fully saturated zone of piping.
The S-wave velocity tomogram shown in Figure 4.28 does not show the location of the
fully saturated piping zone because of Gassmann’s assumptions used to calculate the S-wave
velocity. The ray coverage tomogram shown in Figure 4.29 shows a small indication of the zone
by lower ray coverage.

Figure 4.28: S-wave velocity coverage tomogram of a dam with a fully saturated zone of piping.
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Figure 4.29: S-wave ray coverage tomogram of a dam with a fully saturated zone of piping.
A more exaggerated ray coverage tomogram shown in Figure 4.30 shows a better
indication of the fully saturated piping zone. The zone is indicated by low ray coverage.

Figure 4.30: Exaggerated S-wave ray coverage tomogram of a dam with a fully saturated zone
of piping.
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4.6 Summary
Forward modeling of a dam indicates the location of the abutments both in the velocity
and ray coverage tomograms. The velocity tomograms show the shape of the abutment with a
rise in the velocity contours following the shape of the abutment. The ray coverage tomograms
indicate the abutments with a high ray coverage curving around the dam body. Table 4.2 gives a
summary of the results obtained from the three cases investigated.
Table 4.2: Summary of forward modeling results of a dam.
Case/model
(2m by 2m zone added to a
starting model of a dam)
Vp
Fully saturated
(m/s)
zone added to
Vs
starting model
(m/s)

Velocity in starting
model (taken at the
center of the zone)

Velocity in the
zone (taken at the
center of the zone)
2274 *

610

Yes
(273% increase)
347 *
No ++

374
(7% decrease)
366 **

Vp

No ++

610

Piping zone added

Zone
detected

(m/s)

(40% decrease)

Vs

224 **

to starting model
(Dry condition)

No ++

374
(m/s)

(40% decrease)

Vp

1932 +
610

Piping zone added

Yes

(m/s)

(217% increase)

Vs

200 +

to starting model
(Fully saturated)
(m/s)
*
**
+
++

No ++

374
(46% decrease)

Calculated using Gassmann’s equations.
Porosity of zone increased by 10% and velocity of zone reduced by 40%.
Porosity of zone increased by 10% and calculated using Gassmann’s equations.
Small indication observed especially in ray coverage tomograms but not substantially.
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There is a large increase in P-wave velocity for the zone of seepage in Case 1 and the
zone of piping after saturation in Case 3 as shown in Table 4.2. This large increase is due to the
addition of water in the zones which increases the bulk modulus. The increase in bulk modulus
compensates for the increase in density when the P-wave velocities are calculated using
Gassmann’s equations. For Case 1 and Case 3, the P-wave velocity tomograms have provided
some indication of these zones but they are not completely resolved. A better indication of the
shape of the zones is observed in the P-wave ray coverage. The S-wave velocity tomograms for
these two cases provide a very weak indication of the presence of the zones. Exaggerating the Swave ray coverage is the best indicator of the zone with low ray coverage in both Case 1 and
Case 3. S-wave tomograms showed weak sensitivity to the compromised zones because
velocities for the models were built using Gassmann’s assumptions.
Case 2 was a model of a dam with a 2m by 2m dry piping zone. The P-wave velocity
tomogram did not clearly indicate the zone but a small depression in the velocity contours was
observed. An exaggerated P-wave ray coverage tomogram indicates the location of the zone. The
S-wave velocity tomogram does not show sign of the zone. Exaggerating the S-wave ray
coverage only shows a small indication of the zone with low ray coverage.
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5. DREWERY LAKE DAM
5.1 Introduction
In the previous chapters, it was discussed that seismic methods have the potential to
provide indirect information regarding internal problems of earthen dams and levees associated
with seepage and piping. In this chapter, details pertaining to P-wave refraction surveys, S-wave
refraction surveys, and MASW surveys conducted on Drewery Lake Dam are discussed. This
dam was selected for seismic investigations because of its proximity to The University of
Mississippi. This dam is a low hazard dam and does not have any known defects.
In Section 5.2, a site description and visual observations of the dam are presented. Field
setup, procedure, and layout for the seismic surveys are presented in Section 5.3. This section
also includes the relative elevation of the geophones and the naming system and coverage area
for all the survey lines. In Section 5.4, all the results from the seismic surveys on the dam are
presented. Observations from these results are also mentioned in this section. Section 5.5
summarizes the results.
5.2 Site description
Drewery Lake Dam is an earthen embankment dam located in the Upper Yocona River
Watershed (Y-14-4) in Lafayette County, Mississippi (Figure 5.1). The dam was built by the
U.S. Department of Agriculture Soil Conservation Service for the purpose of flood water control.
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Construction of the dam was started on March 21, 1963 and was completed on November 17,
1965.
The core of the dam is homogeneous earth, and the foundation is assumed to be soil. The
dam has a height of 27ft (8.23m) and a length of 766ft (233.48m). The hydraulic characteristics
are listed in Table 5.1. The maximum discharge is 1187ft3 (34 m3) per second. Its capacity is 313
acre feet (386, 082 m3) with a normal storage of 35 acre feet (43, 172 m3). It drains an area of
383 square miles (991,965,446 m2).

Figure 5.1: Satellite image of Drewery Lake Dam (Google Earth Image, 2007).
Table 5.1: Drewery Lake Dam data.

Drainage area

Drewery Lake Dam (Dam number Y-14-4)
382 acre (1,545,899.2m2)
10.3 acre (41,682.6m2)

Normal pool area

35 acre feet (43,171,864.9m3)

Normal pool volume

292 acre (1,181,682.1m2)

Flood pool area

178 acre feet (219, 559.8 m3)

Flood pool volume
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The dam was constructed using soil excavated from the reservoir area and the emergency
spillway. The emergency spillway is located at the west side of the dam. There is an extension of
the dam on the east side of the main dam as shown in Figure 5.2. This part will be referred to as
the east end of the dam. Approximately 15,000 cubic yards (11,468.3 m3) of soil was used for
the construction of the dam. The dam has no toe filter material or rock riprap. The principal
spillway has a trash rack with a cast iron manhole cover with a concrete drainage pipe running
from the upstream side to the downstream.

Figure 5.2: Top view schematic of Drewery Lake Dam (Not to scale).
Information from the as-built plan shown in Figure 5.3 indicates that the crest has an
elevation of 440.0ft (134m) and is about 16ft (4.88m) wide. The dam has two berms, one on the
downstream side with an elevation of 423.5ft (129.08m) and 10ft (3.05m) wide and the other on
the upstream side with an elevation of 428ft (130.45m) and 10ft (3.05m) wide. The dam site was
excavated to an elevation of 411.5ft (125.41m) with the natural ground level at the upstream end
being 420.0ft (128.02m).
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Figure 5.3: Elevation of Drewery Lake Dam shown at a cross-section through the drainage pipe.
Drainage water from the upstream side to the downstream side is transported by a
concrete pipe of 30inch (0.762m) diameter and 156ft (3.96m) in length. It lies on the ground with
a dip angle of 780 with the horizon and located 20ft (6.096m) below the crest of the dam. The
trash rack is found at the end of the drainage pipe on the upstream side and has an elevation of
437.0ft (133.19m). It is located 116.47(35.5m) from the west abutment of the dam.
Visual inspection of the dam shows that both the upstream and downstream of the dam is
covered by vegetation. This could be cause for concern in the future as the tree root growth
increases creating pathways for seepage. The crest of the dam does not show major signs of
problems except a few areas of ruts caused by car tires. Small tree branches are observed on the
trash rack which can compromise proper discharge of water. Figure 5.4 shows the upstream side
of the dam covered by vegetation and the accumulation of debris on the trash rack. The picture
also shows a few cut down trees to avoid root growth.
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Figure 5.4: Upstream slope of the dam covered by vegetation.
Previous seismic surveys conducted on the dam show that there are some signs of
seepage at the east side of the dam (Duddu, 2007).
5.3 Field setup, procedure, and layout at Drewery Lake Dam
P and S-wave refraction and MASW surveying were conducted on the crest of Drewery
Lake Dam. Figure 5.5 is a plan view schematic showing the location of these surveys. Due to the
shortage of geophones and Geodes, 24 geophones were placed at 1m spacing and a roll-along
with a 12 geophone overlap was implemented. Therefore, only 12 geophones were moved at a
time to cover the whole length of the dam. This type of arrangement shown in Figure 5.5(a) was
used to investigate a deeper depth while avoiding the problem of insufficient ray coverage with
no overlap as shown in Figure 5.5(b). For all seismic surveys conducted on Drewery Lake Dam,
a line is defined as a group of 36 geophones as shown in Figure 5.5(a).
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Figure 5.5: Advantages of a 12 geophone roll-along.
For P-wave refraction and MASW, a total of the 13 lines of 36 geophones starting from
approximately 12m off the west side abutment were used to cover the crest of the dam. These
surveys indicated by the blue line in Figure 5.6 start from 0m and extends to 179m. 0m is the
same as station 0 and is defined as the starting point of all seismic surveys on the crest of the
dam. The location of station 0 is shown in Figure 5.6. Therefore, station and geophone numbers
are interchangeable.
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An additional 3 lines, each line containing 36 geophones, were used to extend the survey
to the east end of the dam starting from station 179 and going up to station 239 as shown by the
red line in Figure 5.6. Table 5.2 summarizes the starting and ending locations of the P-wave
refraction and MASW lines on the crest of the dam and east end of the dam
For S-wave refraction survey, 4 lines of 36 geophones were used on the crest of the dam
starting from station 0 and going up station 71 as shown by the green line in Figure 5.6.

Figure 5.6: Seismic survey arrangement on Drewery Lake Dam (Not to scale).
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Table 5.3 gives a summary of S-wave refraction lines on the crest of the dam.
Table 5.2: Summary of P-wave refraction and MASW lines for Drewery Lake Dam.
P-wave refraction and MASW survey on the crest of Drewery Lake
Dam.
Starting point (m)

End point (m) (station

(station number)

number)

1

0

35

2

12

47

3

24

59

4

36

71

5

48

83

6

60

95

7

72

107

8

84

119

9

96

131

10

108

143

11

120

155

12

132

167

13

144

179

Line

P-wave refraction and MASW survey on the east side of Drewery Lake
Dam.
14

179

214

15

191

226

16

203

238
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Table 5.3: Summary of S-wave refraction for Drewery Lake Dam.
S-wave refraction survey on the crest Drewery Lake Dam.

1

Starting point (m)
(station number)
0

End point (m)
(station number)
35

2

12

47

3

24

59

4

36

71

Line

For the MASW survey, the first shot was located at -4.5m and was continued at 4m
interval as shown by the red squares in Figure 5.7. Shots for P-wave refractions were started at 0.5m and continued within the line at an interval of 1m. A 2m shot interval was used for the Swave refraction surveying. P-wave refraction and S-wave refraction shots are indicated by the
red and blue dots in Figure 5.7.
For 1m geophone spacing, the last shot for the refraction survey is usually taken at 0.5m
away from the last geophone, but for the survey on Drewery Lake Dam an additional 12 shots at
a spacing of 1m were taken from the end of the last shot as shown in Figure 5.7. A line with 36
geophones was used in the processing stage by combining the 24 geophones from the first line
and the first 12 geophones from the next line as shown in Figure 5.5(a). For the second line data
was collected for 12 shots before the beginning of the line, 25 shots in between, and an
additional 12 shots at the end of the line. Except for the very first MASW shot for line 1, all the
MASW and refraction shots are taken at the same place.
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Figure 5.7: Shot location and geophone arrangement.
A total of 23,184 seismic traces were collected during the seismic investigation on
Drewery Lake Dam. Details are presented in Table 5.4.
Table 5.4: Total number of shot and seismic traces for Drewery Lake Dam.
Survey Type
P-wave

Number of
Lines

Shots per
line

Total
number of
shots

Total number
of wave signals

2 (Line 1 and Line 13)

38

2*38 = 76

24*76 = 1,824

11 (Line 2 – Line 12)

49

11*49 = 539

24*539 = 12,936

2 (Line 1 and Line 5)

2*19 = 38

3 (Line 2 – Line 4)

2*25 = 50

Dam Crest

refraction
and MASW
S-wave

East end of dam

refraction

2*38 = 76
3*50 = 150

24*76 = 1,824
24*150 = 3,600

P-wave
2 (Line 14 and Line 16)

38

2*38 = 76

24*76 = 1,824

1 (Line 15)

49

1*49 = 49

24*49 = 1,176

966

23,184

refraction
and MASW
Total
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Relative elevations of every geophone were measured. Figure 5.8 shows the relative
elevation of geophones on the crest of the dam. The elevation plot shows the location of small
water ponding locations on the crest of the dam. These geophone elevations will be imported into
SeisImagerTM along with the shot gathers for elevation correction.

Figure 5.8: Relative elevations of geophones on the crest of the dam.

Figure 5.9 shows the relative elevation of geophones on the east end of the dam.

Figure 5.9: Relative elevations of geophones on the east side of the dam.
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5.4 Results (tomograms) for Drewery Lake Dam
A total of thirteen P-wave refraction, thirteen MASW, and three S-wave refraction lines
were conducted along the crest of the dam. The blue line on Figure 5.10 shows the locations of
the P-wave refraction and the MASW lines. The yellow line shows the locations of S-wave lines.
The survey was extended by 59m on to the east of the dam with three P-wave refraction and
three MASW lines indicated by the red line in Figure 5.10. The MASW survey was conducted to
compare the S-wave velocity maps obtained from the MASW survey with the S-wave velocity
tomograms obtained from the S-wave refraction surveys.

Figure 5.10: Location of survey lines on the crest of the dam (Google Image, 2007).
5.4.1 P- wave tomograms of the dam
All the thirteen geophone lines on the crest of the dam and the three lines on the east end
of the dam were combined together to produce a tomogram starting from station 0 and extending
up to station 238. This result was processed using RayfractTM and is shown in Figure 5.11.
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The velocity tomogram shown in Figure 5.11 shows a rise in the velocity contour at the
left which is an indication of the west abutment. There is a depression in the velocity coverage
between stations 47 to 50 which corresponds to the location of the trench excavated for the
placement of the drainage pipe. The ray coverage tomogram shown in Figure 5.12 shows low ray
coverage between stations 48 and 49. An exaggeration of the ray coverage, by reducing the scale,
is shown in Figure 5.13. This figure indicates the location of the pipe with a bull’s eye effect in
the ray coverage. Comparison of the velocity tomogram with the as-built plans indicates that the
1000m/s contour would correlate with the interface between the native ground and the base of
the dam. The rise in the 1000m/s contour would appear to indicate that less soil was excavated
when going from the west abutment to the east abutment. This is in agreement with the design
documents of the dam. A zone of high velocity is observed around the 36m station and could be
an indication of a wet area. An artifact of data acquisition is shown around station 179 with no
velocity and ray coverage. This is because there were no geophones covering this section of the
dam due to the slight turn shown in Figure 5.10.

Figure 5.11: P-wave velocity tomogram for the whole length of the dam.
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Figure 5.12: P-wave velocity ray converge tomogram for the whole length of the dam.

Figure 5.13: Exaggerated ray coverage tomogram covering the whole length of
the dam.
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After processing the above data covering the entire length of the dam, each line was
processed separately using SeisImagerTM in order to have a more focused interrogation of the
dam body.
Line 1 shown in Figure 5.14 starts at station 0 which is approximately 12m off the start of
the west abutment. This survey line was positioned to cover the west abutment. Figure 5.15(a)
and (b) are the P-wave velocity and ray coverage tomograms respectively.
A clear indication of the abutment is shown by the rise in the velocity contour at the left.
The ray coverage given also follows the structure of the abutment as indicated by the rise of the
ray coverage lines to the left. No isolated anomalies that could be associated with seepage are
evident from the tomograms around the abutment.

Figure 5.14: Location of first 24 geophones for line 1.
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Figure 5.15: P-wave seismic refraction tomograms for line 1 (a) Velocity
tomogram (b) Ray coverage.
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Location of line 2 on the crest of the dam is shown in Figure 5.16. There is a small
depression in the surface near station 36 shown in Figure 5.8. This line also covers part of the
west abutment. The P-wave velocity tomogram of line 2 is given in Figure 5.17(a) and the ray
coverage tomogram is given in Figure 5.17(b).
The velocity tomography shows a uniform distribution of velocity with no significant
features. The velocity contours show a rise to the left which is an indication of the abutment. The
small depression observed on the surface around station 36 does not show any sign in the
velocity tomogram at depth. Therefore the small depression is simply a near surface feature and
not subsidence due to internal piping. Figure 5.17(b) shows that the survey layout provides good
ray coverage for line 2.

Figure 5.16: Location of first 24 geophones for line 2.
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Figure 5.17: P-wave seismic refraction tomograms for line 2 (a) Velocity
tomogram (b) Ray coverage.
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Figure 5.18 shows the location of line 3 on the crest the dam. The drainage pipe for the
dam is located approximately between the stations 48 and 49 and at a depth of 6m to 7m.
Therefore this survey line lies above the location of the drainage pipe. Station 36 is in a surface
depression as shown in the relative elevation map in Figure 5.8.
The P-wave velocity tomogram for line 3 is given in Figure 5.19(a). The tomogram
shows a depression in velocity contours around the location of the pipe. There is a high velocity
zone at a shallow depth around station 36 which could be an indication of a wet area near the
surface. This could be due to rain water accumulation in the surface depression located around
station 36.
The ray coverage tomogram for line 3, given in Figure 5.19(b), indicates the trench
excavated for the drainage pipe as a zone of low ray coverage. This is due to the associate low
velocity and may be due to the lower compaction of the area after placing the drainage pipe.

Figure 5.18: Location of first 24 geophones for line 3.
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A depression in
velocity contours
around the trench
location

Figure 5.19: P-wave seismic refraction tomograms for line 3 (a) Velocity
tomogram (b) Ray coverage.
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Location of line 4 is shown in Figure 5.20. Because of the 12 geophone overlap, this line
is also above the location of the drainage pipe located around station 48. There is a surface
depression around station 60.
P-wave velocity tomogram for line 4 is shown in Figure 5.21(a) and the ray coverage
tomogram is given in Figure 5.21(b). There is no indication of the drainage pipe in the velocity
and ray coverage tomograms. A low velocity area is observed at the surface starting from station
48 up to station 62 and at the end of the line. This could be associated with loose soil which may
also be the cause of the surface depression at station 60 shown in Figure 5.8.

Figure 5.20: Location of first 24 geophones for line 4.
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Figure 5.21: P-wave seismic refraction tomograms for line 4 (a) Velocity
tomogram (b) Ray coverage.
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Figure 5.22 shows the location of line 5 on the crest of the dam. The starting point of this
line is directly above where the drainage pipe is expected. Figure 5.8 of the relative elevation of
geophones shows there is a surface depression at station 60.

Figure 5.22: Location of first 24 geophones for line 5.
P-wave velocity and ray coverage tomograms for line 5 are given in Figure 5.23(a) and
(b), respectively. At a depth of about 6m, there is a depression in the velocity contours between
stations 60 and 66. This could be an indication of weakly compacted zone which could also be
associated with the surface depression. Areas of low P-wave velocity are also observed at a
shallow depth.
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A depression in velocity
contours possible area of
low compaction

Figure 5.23: P-wave seismic refraction tomograms for line 5 (a) Velocity
tomogram (b) Ray coverage.
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The location of line 6 is shown in Figure 5.24. From the geophone elevation plot, given
in Figure 5.8, there are surface depressions at stations 60 and 95. The P-wave velocity tomogram
for line 6 is given in Figure 5.25(a). The tomogram shows an area of low velocity from station 70
to 74 and from station 79 up to 92. Both areas are at a shallow depth of 1m and 2m
consecutively. There is also a depression in the velocity contours at a depth of about 6m starting
from station 78 and extending to station 84. A depression in P-wave velocity contours could be
an indication of a weak area. The low ray coverage shown for this location in Figure 5.25(b)
further supports the presence of a weak zone at that location.

Figure 5.24: Location of first 24 geophones for line 6.
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A depression in velocity contours possible
area of low compaction.

Figure 5.25: P-wave seismic refraction tomograms for line 6 (a) Velocity
tomogram (b) Ray coverage.
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Figure 5.26 shows the location of line 7.

Figure 5.26: Location of first 24 geophones for line 7.
Figure 5.27(a) shows the P-wave velocity tomogram for line 7. The tomogram looks
uniform except for two low velocity areas at a shallow depth in between station 84 and station
92, and station 96 and station 105. This could be due to the formation of a loose soil layer at the
surface caused by repetitive driving on the crest of the dam. The surface depression at station 96
has a higher velocity than the adjacent locations which could be due to the accumulation of rain
water at this location. There is also a slight drop in the velocity contour from station 82 to station
91 at a depth of 6m – 8m. The low ray coverage at this location shown in Figure 5.27(b) suggests
that the area could be a weak zone which could be an effect of weak compaction or dry piping.
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A depression in velocity
contours possible area of
low compaction.

Figure 5.27: P-wave seismic refraction tomograms for line 7 (a) Velocity
tomogram (b) Ray coverage.
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Figure 5.28 shows the location of line 8. There is a small surface depression at station 96
as seen in Figure 5.8.

Figure 5.28: Location of first 24 geophones for line 8.
The P-wave velocity tomogram for this location is given in Figure 5.29(a). The
tomogram shows an area of lower velocity at a shallow depth of about 2m for most of the line
except for a high velocity area starting at station 92 and extending to station 97m. This high Pwave velocity location corresponds to the location of the surface depression at station 96. The
ray coverage tomogram shown in Figure 5.29(b) shows a high ray coverage zone at this location.
Since the soil type has not changed, a local high P-wave velocity and high ray coverage suggests
that the material is highly compacted or wet. In this case, it is most likely due to moisture
associated with rain water accumulation in surface depression.
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Figure 5.29: P-wave seismic refraction tomograms for line 8 (a) Velocity
tomogram (b) Ray coverage.
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Location of line 9 on the crest of the dam is shown in Figure 5.30. The P-wave velocity
and ray coverage tomograms are given in Figure 5.31(a) and (b) respectively. A low P-wave
velocity between station 110 and station 126 is shown in the velocity tomogram for a shallow
depth less than 2m. There is a depression in the velocity contours at a depth of 5m to 6m directly
below the low velocity zone at the surface. The ray coverage tomogram has a corresponding
zone of low ray coverage. A low P-wave velocity and low ray coverage at this depth suggests the
presence of a weak compacted area or a loose soil. It could also be an effect of dry evolved
piping.

Figure 5.30: Location of first 24 geophones for line 9.
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A depression in velocity contours.

Low ray coverage.

Figure 5.31: P-wave seismic refraction tomograms for line 9 (a) Velocity
tomogram (b) Ray coverage.
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Figure 5.32 shows the location of line 10 on the crest of the dam.

Figure 5.32: Location of first 24 geophones for line 10.
Figure 5.33(a) shows the P-wave velocity tomogram. There is a low velocity area
between station 114 and 119 at a depth of about 1m and another low velocity area from station
122 to 139 which is at a depth of about 2m. This could be caused by the accumulated rain water
in the surface that leaves the soil weak. The velocity contour lines become more tightly spaced
starting at a depth of about 4m depth. This is most likely associated with the interface between
the dam and the native ground. The interface line indicated in the velocity and ray coverage
tomogram is extrapolated from the interface location at the west end near the drainage pipe and
is probably not correct for this location. The as-built plan for the dam indicates that this interface
becomes shallower going towards the east abutment of the dam. Ray coverage tomogram shown
in Figure 5.33(b) shows good ray coverage for line 10.

127

Figure 5.33: P-wave seismic refraction tomograms for line 10 (a)
Velocity tomogram (b) Ray coverage.
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Figure 5.34 shows the location of Line 11 on the crest of the dam. Stations 120 to 134 are
located in a surface depression.

Figure 5.34: Location of first 24 geophones for line 11.
The P-wave velocity tomogram for this location is given in Figure 5.35(a). Two low
velocity areas are indicated in the tomogram between stations 130 to 137 and stations 142 to 148
at a shallow depth of less than 2 which could be an effect of loose soil at the surface. The
velocity contour lines shown in Figure 5.35(a) get even more tightly spaced starting at a depth of
3m indicating that the native ground is approaching the surface at the east end of the dam. There
is good and uniform ray coverage for line 11 as shown in Figure 5.35(b).
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Figure 5.35: P-wave seismic refraction tomograms for line 11 (a)
Velocity tomogram (b) Ray coverage.
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Figure 5.36 shows the location of line 12 on the crest of the dam. There is a surface
depression near station 158 and the line ends around the east abutment of the dam.

Figure 5.36: Location of first 24 geophones for line 12.
The P-wave velocity tomogram for this location is shown in Figure 5.37(a). There is a
depression in the velocity contours near a depth of 6m near station 158. The ray coverage
tomogram shown in Figure 5.37(b) also shows an area of low ray coverage at this location. This
could be an indication that it is an area weak foundation material.
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A rise in velocity.

A depression in velocity.

Figure 5.37: P-wave seismic refraction tomograms for line 12 (a)
Velocity tomogram (b) Ray coverage.
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The last line on the crest of the dam, line 13, is shown in Figure 5.38. This line is
expected to have some indication of the east abutment.

Figure 5.38: Location of first 24 geophones for line 13.
The P-wave velocity tomogram for line 13 is shown in Figure 5.39(a). Three areas of low
velocity are observed at a very shallow depth of about 1m. The rise in the velocity contours to
the right indicates the presence of the east abutment as suspected. A depression in the velocity
contours is observed at a depth of 5m between stations 154 and 162. The ray coverage tomogram
shown in Figure 5.39(b) also shows low ray coverage for this location. Low P-wave velocity and
low ray coverage suggests that zone may be mechanically weak. Since this zone is located at the
interface of the abutment and the dam body, it could be an effect of the discontinuity in material
properties or a problem with obtaining good compaction close to the slope of the abutment.
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A depression in velocity.

Figure 5.39: P-wave seismic refraction tomograms for line 13 (a)
Velocity tomogram (b) Ray coverage.
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5.4.2 MASW survey results of the dam
MASW data was collected concurrent with the P-wave survey. Therefore, the station
locations are the same as for the P-wave surveying. In the following few pages, results of the
MASW survey are presented.
The geophones for Line 1 of the MASW survey at station 0 which is about 12m from the
start of the west abutment of the dam. In order to have adequate surface wave energy on all
geophones the first source location was at 4.5m west of the geophone spread. Figure 5.40 shows
the S-wave velocity map derived from MASW. There is no clear indication of the abutment in
this data as was seen it the in the P-wave refraction result. There is a circular area of lower Swave velocity at a depth of 6m centered at station 24. There is no corresponding anomaly in the
P-wave tomogram at this location. However, since this zone is located near the base of the
abutment it should be further investigated. There is also a region of low S-wave velocity area
near the surface at station 14. The P-wave tomogram has a corresponding high P-wave velocity
anomaly at this location suggesting that is could be saturated zone.

Figure 5.40: S-wave velocity map from MASW survey of line 1.
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The location of the MASW Line 2 is shown back in Figure 5.16. This line is located
above the west abutment of the dam. The velocity map is shown in Figure 5.41 and is quite
uniform except for a slight rise in the velocity contour at a depth of 6m between stations 24 and
46. A higher S-wave velocity is observed near the surface at station 36 which is also the location
of a surface depression. This high S-wave velocity is inconsistent with the initial interpretation
that is a wet zone based on the high P-wave velocity in Figure 5.19(b). A high P and S-wave
velocity could be an indication of a stiff or more compacted area.

Figure 5.41: S-wave velocity map from MASW survey of line 2.
The location of the MASW line 3 is shown back in Figure 5.18. Station 36 is located in a
surface depression and the drainage pipe is located near station 48 at a depth of about 6m to 7m.
The S-wave velocity map for line 3, in Figure 5.42, has a zone of higher S-wave velocity at
station 36 which is consistent with the near surface zone shown in line 2. The surface near station
52 has a low S-wave velocity starting from the surface and extending to a depth of about 1m.
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The P-wave velocity tomogram of line 3 in Figure 5.18 has a corresponding low velocity
anomaly. This suggests that this area is a loose or weakly compacted area. A wide low S-wave
velocity zone is present just above the location of the pipe at a depth of 5m. Both low P and Swave velocity around the location of the pipe is an indication of lower compaction associated
with the excavated trench and possible issues with compaction around the drainage pipe.

Figure 5.42: S-wave velocity map from MASW survey of line 3.
The location of line 4 is shown back in Figure 5.20. Station 60 of this survey is located in
a small surface depression and the drainage pipe is at a depth of about 6m below station 48. The
S-wave velocity map for this line is shown in Figure 5.43. In this map there is a high velocity
zone just above the location of the drainage pipe. Comparing this MASW map with the one from
line 3, the drainage pipe is produces two different types of anomalies. This repeatability problem
associated with the analysis of seismic data is of concern. One approach to minimizing such
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issues might be to simultaneously use P-wave refraction, S-wave refraction, and MASW results
for added confidence in the data interpretation.

Figure 5.43: S-wave velocity map from MASW survey of line 4.
Line 5 of the MASW survey on the crest of the dam is shown in Figure 5.44. The S-wave
velocity map shown in Figure 5.44 has a zone of high velocity at a depth of 2m and spanning
from station 48 to station 74. This could be associated with a layer of higher compacted soil
possibly associated with some historical repair in the dam. This feature is not clearly shown in
the overlapping survey region of line 4.
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There is another low S-wave velocity area between station 48 and 60 at a very shallow
depth of less than 1m. P-wave velocity has a corresponding low velocity anomaly at this location
suggesting that it is an area of loose material.

Figure 5.44: S-wave velocity map from MASW survey of line 5.
The location of MASW line 6 is shown in Figure 5.24. The corresponding S-wave
velocity map shown in Figure 5.45 has a series of horizontal layers. The P-wave velocity
tomogram for line 6 shows a depression in velocity 6m below station 80. The low S-wave
velocity layer at a depth of 6m has a corresponding depression in velocity in the P-wave
tomogram. This could be a weakly compacted layer or a zone with insufficient removal surface
material during construction. The near surface low S-wave velocity between station 80 and 94
has a corresponding low P-wave velocity indicating that this is an area of loose material or lower
compaction. Another feature observed in this velocity tomogram is that the velocity contour lines
are becoming more tightly spaced at depths greater than 8m.
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Figure 5.45: S-wave velocity map from MASW survey of line 6.
The location of MASW line 7 is shown in Figure 5.26. The S-wave velocity map shown
in Figure 5.46 has similar features as the S-wave velocity map for line 6. It has an area of higher
velocity at a depth of 2m to 4m which is also sandwiched between lower velocities. There is a
shallow low velocity area and a corresponding high P-wave velocity value below station 96. This
may be associated with a wet area caused by the accumulation and subsequent seepage of water
in the surface depression at station 96.

Figure 5.46: S-wave velocity map from MASW survey of line 7.
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The location of line 8 is shown in Figure 5.28. The S-wave velocity map shown in Figure
5.47 shows a low velocity zone at a shallow depth from station 100 to 114. This observation in
conjunction with the lower P-wave velocity for the same region indicates the presence of loose
soil.

Figure 5.47: S-wave velocity map from MASW survey of line 8.
Location of line 9 is shown in Figure 5.32. The S-wave velocity map shown in Figure
5.48 indicates zones of higher velocity at a depth of 3m to 4m. This zone of higher S-wave
velocity is not continuous across the entire line as in the previous lines 6, 7, and 8. There is a low
velocity area at a depth of 3m to 5m starting from station 96 up to 112. This zone is located
shallower and to the left of the depression in the P-wave velocity contours observed in Figure
3.34.
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Figure 5.48: S-wave velocity map from MASW survey of line 9.
The location of line 10 is shown in Figure 5.32. A high velocity zone between the depths
of 2m to 4m is also observed in this velocity map shown in Figure 5.49. There is no indication of
this zone in the P-wave velocity tomogram of Figure 5.33.
The zone at shallow depth and between stations 114 to 120 is characterized by low P and
S-wave velocities suggesting it’s comprised of loose or under compacted material. The surface
zone between stations 122 to 138 is characterized by low P-wave velocity and high S-wave
velocity.
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Figure 5.49: S-wave velocity map from MASW survey of line 10.
The location of Line 11 is shown in Figure 5.34. The S-wave velocity map shown in
Figure 5.50 has more tightly spaced velocity contour at depth indicating higher velocity
gradients. A similar feature was observed in the P-wave results at this location. Design drawing
for the dam indicates that the site was excavated to a shallower depth around the east abutment
than the west abutment. The interface line shown on the velocity tomogram is based on the depth
of excavation at the drainage pipe taken from the as-built plan. It is postulated that the presence
of a higher velocity gradient may be associated with the native ground.
The low S-wave velocity and corresponding low P-wave velocity at station 134 indicates
the presence of loose soil.
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Figure 5.50: S-wave velocity map from MASW survey of line 11.
The location of line 12 is shown in Figure 5.36. A discontinuous high velocity zone
between depths 2m and 4m is observed in the S-wave velocity map shown in Figure 5.51.
One interesting feature observed in the S-wave velocity map is the rise in the velocity
contour around station 148 at a depth of 6m to 7m. A similar rise in the P-wave velocity contour
was observed in Figure 5.37 at this location and depth. An increase in both P and S-wave
velocity can be caused by the presence of a more compacted or stiffer soil.
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A rise in velocity.

Figure 5.51: S-wave velocity map from MASW survey of line 12.
The location of line 13 is shown in Figure 5.38. The S-wave velocity map shown in
Figure 5.52 shows no indication of the east abutment of the dam, contrary to the P-wave velocity
tomogram indication of the abutment with a rise in the velocity contours to the right. The low Swave velocity area and corresponding low P-wave velocity at station 158 is an indication that the
area is wet.
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A rise in velocity.

Figure 5.52: S-wave velocity map from MASW survey of line 13.
5.4.3 S- wave tomograms of the dam
Line 1 of the S-wave refraction survey shown in Figure 5.53 starts at station 0 and near
the west abutment. Part of this line is directly above the west abutment. Figure 5.54(a) and (b)
show the S-wave velocity and ray coverage tomogram for line 1, respectively. There is a rise in
the velocity contour to the left showing the shape of the abutment. There are two low velocity
areas at a shallow depth of less than 2m starting from station 0 to 4 and from station 18 to 26.
The low velocity area from station 0 to 4 could be an effect of being too close to the end of the
line. The P-wave velocity tomogram has a corresponding low velocity area for station 18 to 26
indicating loose surface material.
The circular low velocity area indicated in the MASW map at station 24 is not present in
the S-wave velocity tomogram. MASW map also shows an area of low velocity at a shallow
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depth between stations 6 to 16 which is also not present in the S-wave refraction velocity
tomogram.
The ray coverage map for line 1, shown in Figure 5.54(b), has lower ray coverage than
the ray coverage of the P-wave refraction. The reduced ray coverage for S-wave refraction is due
to the 2m shot spacing used in the S-wave acquisition. This reduces the number of shots per line,
therefore decreasing the ray coverage.

Figure 5.53: Location of first 24 horizontal geophones for line 1.
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Figure 5.54: S-wave seismic refraction tomograms for line 1 (a) Velocity
tomogram (b) Ray coverage.
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Location of Line 2 is shown in Figure 5.55. This line is located above the abutment and
station 36 is located in surface depression. The S-wave velocity and ray coverage tomogram are
shown in Figure 5.56(a) and (b), respectively.
There is a low S-wave velocity area at 2m depth between stations 16 and 26 and also
between stations 32 and 38. The P-wave velocity tomogram for this location shows a uniform
distribution of low velocity. Comparing the MASW survey and S-wave refraction survey for line
2, the refraction survey indicates the location of the abutment better than MASW survey. The
refraction survey indicates the location of the abutment with a rise in velocity contour while
MASW velocity does not have any indicator of the abutment.

Figure 5.55: Location of first 24 horizontal geophones for line 2.
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A rise in velocity.

Figure 5.56: S-wave seismic refraction tomograms for line 2 (a) Velocity
tomogram (b) Ray coverage.
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Location of line 3 of the S-wave seismic refraction survey is shown in Figure 5.57. The
drainage pipe is located at a depth of 6m below station 48. The S-wave velocity tomogram for is
shown in Figure 5.58(a), and the ray coverage is given in Figure 5.58(b).
Location of the drainage pipe is not indicated in the S-wave velocity tomogram, but there
is a rise in the velocity contours to the left of the drainage pipe at an offset of about 2m. This rise
could be the effect of the drainage pipe because the pipe was indicated in the MASW line 3 by a
high velocity zone just above the drainage pipe. It is not clear why the shear wave anomaly is
located at an offset from the actual location of the drainage pipe. The area of lower S-wave
velocity between stations 48 and 54 is also present in the MASW S-wave velocity map and as a
low P-wave velocity area in the P-wave velocity tomogram. This strongly suggests that this
location is a loose or weakly compacted area.

Figure 5.57: Location of first 24 horizontal geophones for line 3.
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A rise in velocity.

Figure 5.58: S-wave seismic refraction tomograms for line 3 (a) Velocity
tomogram (b) Ray coverage.
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Location of line 4 of the S-wave seismic survey is shown in Figure 5.59. The drainage
pipe is about 6m below station 48 and there is a surface depression at station 60. The S-wave
velocity tomogram is shown in Figure 5.59(a), and the ray coverage is given in Figure 5.59(b).
There is no clear indication of the drainage pipe in the velocity tomogram. MASW
survey for line 3 and line 4 show a better indication of the drainage pipe than the S-wave
refraction survey. The higher S-wave velocity at a shallow depth around station 64 has a
corresponding feature in the MASW results and a high P-wave velocity zone in the P-wave
velocity tomogram. High P and S-wave velocity indicates that the area is stiff or more
compacted.

Figure 5.59: Location of first 24 horizontal geophones for line 4.
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Figure 5.60: S-wave seismic refraction tomograms for line 4 (a) Velocity
tomogram (b) Ray coverage.
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5.4.4 P- wave tomograms of the east end of the dam
Additional P-wave refraction and MASW surveys were conducted starting from the east
abutment and going 59m to the east. The location of the survey is shown by the red line in Figure
5.61 and Figure 5.62. The survey was conducted to investigate the possibility of seepage in this
area. The end point of line 12 is the starting point of the first line.

Figure 5.61: Location of survey line on the east end of the dam.

Figure 5.62: Schematic of survey line on the east end of the dam (not to scale).
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The location of survey line 14 on the east end of the dam is shown in Figure 5.63. The
relative elevations for this location shown in Figure 5.9 indicate this location to be fairly level
with no surface depressions.
The P-wave velocity tomogram for line 14 is given in Figure 5.63(a) and the ray coverage
tomogram is given in Figure 5.63(b). There is an area of lower velocity at a shallow depth of less
than 2m between stations 185 and 203. The velocity contours rise to the left which is an
indication of the east abutment of the dam. The velocity contours are more tightly spaced starting
near a depth of 3m which is expected since the depth of excavation is shallow at this location.

Figure 5.63: Location of first 24 geophones for line 14.
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Figure 5.64: P-wave seismic refraction tomograms for line 14 (a)
Velocity tomogram (b) Ray coverage.
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The location of line 15 on the east end of the dam is shown in Figure 5.65. The line has a
small incline upwards towards the east starting at station 211.
The velocity tomogram for line 15 is given in Figure 5.66(a), and the ray coverage
tomogram is given in Figure 5.66(b). The velocity tomogram shows two areas of low velocity at
stations 193 to 205 and stations 213 to 223 at a depth of less than 2m. The ray coverage plot
shows low ray coverage for these locations indicating a possible area of loose or weakly
compacted zone. The velocity contours are tightly spaced staring from a depth of 3m possibly
indicating the location of the native ground.

Figure 5.65: Location of first 24 geophones for line 15.
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Figure 5.66: P-wave seismic refraction tomograms for line 15 (a)
Velocity tomogram (b) Ray coverage.
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Location of line 16 is shown in Figure 5.67. The P-wave velocity tomogram for this
location shown in Figure 5.68(a) indicates an area of low velocity between stations 213 and 221
again at a shallow depth less than 2m. There is a sharp localized rise in velocity between stations
207 and 211. The higher velocity contours are approaching the ground surface to the east
indicating that the native ground is now at shallower depth. The ray coverage plot shown in
Figure 5.68(b) shows an area of low ray coverage between stations 207 and 211. This is contrary
to what is usually observed where regions of high velocity have corresponding high ray
coverage.

Figure 5.67: Location of first 24 geophones for line 16.
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A rise in velocity.

Figure 5.68: P-wave seismic refraction tomograms for line 16 (a)
Velocity tomogram (b) Ray coverage.
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5.4.5 MASW survey results for the east end of the dam
Location of line 14 of the MASW survey is shown in Figure 5.63. The S-wave velocity
map shown in Figure 5.69 indicates two zones of low velocity. These zones start at a depth of 2m
and are located around the start and end of the line. There is a zone of high velocity at a depth of
about 5m between stations 194 and 202. This zone is not evident in the P-wave velocity
tomogram for line 14. There is no indication of the east abutment in the S-wave velocity contour.

Figure 5.69: S-wave velocity map from MASW survey of line 14.
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The location of line 15 on the east end of the dam is shown in Figure 5.65. The S-wave
velocity map shown in Figure 5.70 shows a layer of lower S-wave velocity between a depth of
2m and 4m. This feature is opposite to most of the MASW results on the crest of the dam where
a higher velocity zone was observed at that depth located between two lower velocity zones. The
two lower P-wave velocity zones shown in the P-wave velocity tomogram Figure 5.66(a) are not
indicated in the S-wave velocity tomogram for line 15.

Figure 5.70: S-wave velocity map from MASW survey of line 15.

The location of MASW line 16 is shown in Figure 5.67 and the resulting S-wave velocity
map is shown in Figure 5.71. The lower velocity layer between depths 2m and 3m observed in
the previous line is continued into this line. Overall the velocity map is quite smooth and has
very few anomalies.
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Figure 5.71: S-wave velocity map from MASW survey of line 16.
5.5 Summary
During visual inspection of Drewery Lake Dam it was observed that the upstream and
downstream sides of the dam were covered by vegetation which could affect the dam. Root
growth through the dam may create a pathway for seepage of water through the dam. Therefore
efforts should be made to clear the body of the dam from excessive vegetation.
A total of thirteen P-wave refraction, thirteen MASW surveys, and four S-wave surveys
were conducted on the crest of Drewery Lake Dam. An additional three lines of P-wave
refraction and MASW surveys were conducted on the east side of the dam.
P-wave velocity tomograms indicated the location of the abutments with a rise in the
velocity contours following the shape of the abutment. P-wave ray coverage tomograms also
indicated the location of the abutment in a similar way. Interface between the native ground and
the dam body is indicated in the P-wave velocity tomograms with the 1000m/s velocity contours.
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Design drawing of the dam also indicates that the site was excavated to a shallower depth around
the east abutment than the west abutment; this feature is shown in the P-wave velocity tomogram
by the rise of the 1000m/s contour line to the east. Location the drainage pipe is indicated in the
P-wave velocity tomogram with a depression in the velocity contours. The exaggerated P-wave
ray coverage tomogram more accurately indicates the location of pipe. A number of shallow
anomalies are indicated on the P-wave tomograms with a low P-wave velocity and low ray
coverage, most of which are located just below small holes at the surface. A couple of high Pwave velocity areas are also indicated at deeper depths.
MASW S-wave map does not indicate the location of the abutments. The location of the
interface between the native ground and the dam body is shown in S-wave velocity maps with
the velocity contour lines tightly spaced. The drainage pipe is indicated in the MASW S-wave
velocity maps with two different forms of anomalies. This shows the repeatability problem
associated with the analysis of seismic data where processing the same data more than once or
doing the same survey around the same location might show a different outcome. A number of
shallow low S-wave velocity areas are indicated on the MASW velocity maps. A few areas of
high S-wave velocity are observed in the velocity maps.
Combination of P-wave refraction results and MASW results indicate that most of the
low P-wave velocity areas in the P-wave refraction survey match with the low S-wave velocity
areas in the MASW survey. This strongly suggests that these locations are loose or weakly
compacted areas. Only one area of low P-wave velocity and low S-wave velocity is observed at a
deeper location. An area of high P-wave velocity and low S-wave velocity is also observed at a
deeper depth location at deeper depth. An increase in both P and S-wave velocity can be an
indication of the presence of a more compacted or stiffer soil.
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Results from S-wave refraction survey indicate the location of the abutment with a rise in
the velocity contours along with the shape of the abutment. Interface between the native ground
and the dam body is indicated by the tightly spaced S-wave velocity contour lines. Location of
the drainage pipe is not indicated in the S-wave refraction tomograms, which could be due to
resolution problem from the 2m shot spacing. Anomalies at shallow depths are indicated in the
S-wave velocity tomograms, with a low S-wave velocity.
The S-wave velocity maps from the MASW surveys had some similarities with S-wave
velocity tomograms obtained from the S-wave refraction surveys. Some of the similarities were
in shallow depth areas where both the MASW and S-wave refraction results indicated areas of
low S-wave velocities associated with loose or weak areas. The S-wave velocity tomograms
indicated locations of known structures such as the abutment, whereas the S-wave velocity maps
from the MASW survey do not show signs of the abutments. This could be due to the different
processing steps followed in obtaining the results. The S-wave refraction tomography uses an
inversion technique by dividing the subsurface into small grids enabling it to identify structures.
The MASW velocity maps are obtained by interpolation of multiple one dimensional vertical
sections of S-wave velocity located at the center of the geophone spreads. This interpolation
reduces the resolution of the S-wave velocity map.
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6. BIG NANCE SITE 4
6.1 Introduction
In this chapter, the results from a P-wave refraction survey conducted on Big Nance site
4, an earthen dam located in Lawrence County, Alabama, is presented. The dam site has known
problems of seepage and piping associated to the cavernous subsurface of the site.
In Section 6.2, a description of the dam location is presented. Known problems associated
with Big Nance Site 4 are outlined in Section 6.3 with respect their location. In Section 6.4, the
field layout for the seismic surveys and results from each survey line is presented. Observations
from the P-wave refraction surveys on Big Nance Site 4 are summarized in Section 6.5.
Suggestions for future surveys are presented in Section 6.6.
6.2 Site description
Big Nance Site 4 is an earthen embankment dam located in Lawrence County, AL. It was
constructed by the United Stated Department of Agriculture as a single purpose flood control
dam. The dam is located on the Big Nance Creek Watershed in Moulton Valley which is in the
southern portion of the Tennessee Valley in northwest Alabama. Initial geologic exploration of
the site conducted in 1964 indicated the presence of cavernous conditions throughout the area.
This condition led to a careful investigation of the site incorporating a total of 73 boreholes with
an average depth of 35ft (10.67m). Geologic formations at the dam site include Floyd shale,
Bangor limestone, and Hartselle sandstone. Construction of the dam was started in 1984 and was
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completed in 1987 (Abstract of Engineering Report, 1993). A satellite view of the
location is presented in Figure 6.1. The dam has a height of 36ft (11m) and about 65,000yd3
(49,700m3) of local earthfill was used for the construction of the dam. Additional characteristics
of the dam are given in Table 6.1.

Figure 6.1: Satellite image of Big Nance Site 4 (Google Earth Image, 2007).
Table 6.1: Big Nance Site 4 data.
Big Nance Site 4
Drainage area

8,345.6 acre (33.8x106 m2)

Sediment pool

13ft (3.96m)

Flood pool

30ft (9.14m)

Length of dam

455ft (138.68m)

Maximum height

36ft (10.97m)

A cross-section of the Big Nance 4 embankment dam is shown in Figure 6.2, with
elevations after settlement. The dam has an emergency (auxiliary) spillway located on the east
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abutment of the dam. The crest of the dam is 14ft (4.27m) wide and has an elevation of 624.5ft
(159.87m) after settlement. The berm on the downstream side has a width of 10ft (3.05m) with
an elevation of 590.0ft (179.83m) after settlement while the berm on the upstream side is 12ft
(3.66m) wide and has an elevation of 593.0ft (180.75m) after settlement.

Figure 6.2: Embankment section for Big Nance Site 4 Dam (As built plan, 1987).
6.3 Problems with Big Nance Site 4
During the construction of Big Nance Site 4 Dam, a significant spring was present in the
east abutment. This problem was treated by forcing the spring water into the foundation drain
(zone 4). Additional seepage and spring flow at the dam site was encountered during the
construction period and after completion of construction.
An engineering report prepared for the dam site by the U.S. Department of Agriculture
Soil Conservation Service in 1993 noted that there was still existing problems of excessive
seepage and spring flow development below the dam. The seepage was considered to be caused
by both “end run” water in the limestone abutment and localized ground water conditions.
During the time of this investigation no water was believed to be seeping through the core of the
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dam from visual inspection. Springs at the downstream of the abutment were treated and
remedial work was also performed by installation of a trench drain collector system to mitigate
the seepage and spring flow problems downstream of the dam (Engineering report for Big Nance
Site 4, 1993). In 1997, the east side of the plunge pool sloughed.
Engineers from the Natural Resources Conservation Service (NRCS) visited the site in
January 2011 and discovered a sinkhole collapse in the auxiliary spillway shown in Figure 6.3.
Formation of the sinkhole is thought to be due to seasonal groundwater fluctuations and possible
seepage through cavities in the east abutment. They also noticed a collapse area just to the east
and up from the principle spillway pipe, Figure 6.4. The collapse to the east of the principle
spillway is directly above where spring water is believed to be washing out material from the
foundation drain. The excessive spring water is not believed to be from seepage through the body
of the dam. This collapse area showed more severity in collapse than what was noted on a site
visit made on June 2008. The slumped area was also observed east of the plunge pool in the
same location that was repaired in 1997.
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Figure 6.3: Sinkhole collapse inside the auxiliary spillway approximately 10ft (3.05m) in
diameter and 4ft (1.22m) in-depth.

Figure 6.4: Collapse area and spring water location east to the principle spillway.
The site was visited again on Feb. 23-24, 2011 to investigate the extent of the problem
with geophysical surveying. P-wave seismic refraction surveying was conducted focusing on the
three problematic areas shown in Figure 6.5. Four seismic survey lines were acquired to map
these areas and are discussed in detail in the next section.

Figure 6.5: Locations of areas of concern for Big Nance Site 4.
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6.4 Seismic Surveys
P-wave seismic refraction surveys were conducted at four locations on Big Nance Site 4.
These locations were chosen to cover the current problematic areas of the dam and to determine
if there are additional problems developing in the surrounding area. The location of the survey
lines are shown on Figure 6.6, and the survey parameters are shown in Table 6.2.

Figure 6.6: P-wave refraction survey line locations (Google Earth Image, 2007).
Table 6.2: Survey parameters.
Survey line

Number of

Geophone

Spread length

geophones

spacing (m)

(m)

Survey line location

Line 1

East of plunge pool

48

1

47

Line 2

Toe of the dam

48

1

47

Line 3

Crest of the dam

48

1.5

70.5

Line 4

Auxiliary Spillway

24

0.5

11.5
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The last geophone location for survey line 1 was also used as the end geophone for
survey line 2. The V-shaped arrangement with survey line 1 and line 2 is used to determine if
there is a continuous seepage path or piping coming from the spillway direction.
Table 6.3 summarizes the total number of shots for each survey line and the number of
wave records collected.
Table 6.3: Total number of shot and wave records for Big Nance Site 4.
P- wave refraction
survey
Line 1

Total number of
shots
49

Total number of wave
records
48*49 = 2,352

Line 2

49

48*49 = 2,352

Line 3

49

48*49 = 2,352

Line 4

25

24*25 = 600

Total

172

7,656

All field equipment required for the P-wave refraction was described in Chapter 3.
Processing of all P-wave seismic refraction data was done by Rayfract TM and the final
tomograms were obtained using Surfer 8TM.
6.4.1 Survey line 1
P-wave seismic refraction on survey line 1 was conducted to the east of the plunge pool
with a 48 geophone spread. Figure 6.7 shows the location of the geophones on the ground. The
location for survey line 1 was chosen to determine if there is any seepage coming from the
direction of the auxiliary spillway and also to determine the extent of the slump area located near
the middle of the spread. The slumped area is located from geophone 21 up to geophone 25. The
spread extends slightly up the hill at the toe of the dam. Around the end of the spread it was
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difficult to plant the geophones in the ground due to rocks at the surface, and therefore the spread
was bent slightly towards the principle spillway starting from geophone 38 as shown in Figure
6.8.

Figure 6.7: Geophone layout for line 1 on the east of the plunge pool.

N

Figure 6.8: Top view schematic of survey line 1.
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Relative elevations of the geophones for the survey lines were measured using surveying
equipment. Figure 6.9 shows the relative elevation of the geophones for survey line 1. These
elevations are later used in the processing stage for elevation correction. The slumped area from
geophones 21 to 25 can be seen in Figure 6.9.

Figure 6.9: Relative elevation of geophones for survey line 1.
A P-wave seismic refraction record example with the first arrival picks is shown in
Figure 6.10. This shot gather is for shot location 24.5m, and the first arrival picks are indicated
by the red “x” signs on the figure.

Figure 6.10: Shot gather for survey line 1 from shot location 24.5m.
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After collecting similar shot gathers for all shot locations, processing of the data was
completed using RayfractTM processing software and the velocity and ray coverage tomograms
are then viewed using Surfer 8.
The velocity tomogram of survey line 1 is shown in Figure 6.11 and exhibits several low
velocity areas at a shallow depth. The 1000m/s and 1500 m/s contour line starts at a depth of
about 5m near the start of the spread and rises up to a depth of 3m at the end of the spread near
the dam.

N

Figure 6.11: P-wave velocity tomogram for survey line 1 (Geophones 0 to 47).
There is a low velocity zone at a depth of 8m to 11m below the surface slumped area.
Judging from the good ray coverage at that location, as shown in Figure 6.12, it is difficult to
determine if this is a seepage channel.
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Figure 6.12: Ray coverage tomogram for survey line 1 (Geophones 0 to 47).
Survey line 1 was subdivided into three short lines of 24 geophones each with an overlap
of 12 geophones and processed again to focus on the near surface. The first line starts from
geophone 0 and ends at geophone 23. The second line starts from geophone 12 and ends at
geophone 35 and the third line starts from geophone 24 and goes up to the end of the spread,
geophone 47.
The P-wave velocity tomogram from geophone 0 to 23 is shown in Figure 6.13. There are
three areas of interest on the ray coverage plot shown in Figure 6.14. These areas are all at a
shallow depths of less than 4m and located between the 1m to 3m, 5m to 8m and 13m to 16m
locations. The first zone from 1m to 3m could be an effect of being at the end of the line. These
areas have low P-wave velocities and low ray coverage which suggests they could be areas of
piping or loose material.
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Figure 6.13: P-wave velocity tomogram for survey line 1 (Geophones 0 to 23).

N

N

Figure 6.14: Ray coverage tomogram for survey line 1 (Geophones 0 to 23).
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The P-wave velocity tomogram for geophone 12 to 35 is shown in Figure 6.15. At
shallow depths of less than 1m the P-wave velocity is less than 500m/s except in the location of
the slumped area where the 500m/s velocity contour is at the surface. There is a low velocity
zone directly below the slumped area at a depth of about 2m. This is better recognized as a low
ray coverage area in Figure 6.16. The low velocity and low ray coverage combination suggests
that this area is a loose zone or an area affected by piping. This could be the reason for the
slumped area observed at the surface. There is a rise in velocity contours directly below the
slumped area with the apex at a depth of approximately 3.5m. This could be an effect of the
slumped area or the low ray coverage zone just below the slumped zone.

N

Figure 6.15: P-wave velocity tomogram for survey line 1 (Geophones 12 to 35).
The low ray coverage shown at the north corner of the ray coverage tomogram in Figure
6.16 is not reliable to make interpretations as it could be an effect of being at the end of the
spread.
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Figure 6.16: Ray coverage tomogram for survey line 1 (Geophones 12 to 35).
The P-wave velocity tomogram going from geophone 24 to 47 is shown in Figure 6.17.
The 500m/s velocity contour is located a much shallower depth on this part of the line. The area
between geophone 37 and 40 is a location of low velocity to a depth of approximately 1.5m, and
corresponding low ray coverage is shown in Figure 6.18. This may be a zone of either loose
material or an area affected by piping. Two additional areas of interest are at a depth of about 2m
between geophones 28 and 31 and between geophones 33 and 36 on the velocity tomogram as
indicated by a depression in the velocity contour. These two locations are indicated on the ray
coverage tomogram as low ray coverage areas.

180

N

Figure 6.17: P-wave velocity tomogram for survey line 1 (Geophones 24 to 47).

N

Figure 6.18: Ray coverage tomogram for survey line 1 (Geophones 24 to 47).
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Seismic P-wave refraction tomography of survey line 1 indicates possible zones of
seepage, piping and loose material deposit. Dividing the survey line into three equal spread gives
good resolution of the shallow subsurface. Three zones of possible areas of piping or loose
material are indicated in the first part of the spread by zones of low velocity and low ray
coverage. An area of lower velocity and low ray coverage was also observed directly below the
slumped area located at the middle of the spread. This suggested that the slump area is caused by
the formation of cavity due to piping or the presence of loose material directly below the
slumped area. Three additional areas of concern are indicated on the last part of the spread. Low
P-wave velocity and low ray coverage at these locations suggests the presence of piping of loose
material. This piping could be caused by water seeping from the direction of the auxiliary
spillway. Table 6.4 gives a summary of where drilling is recommended based on the seismic
tomography results.
Table 6.4: Suggested drilling locations based on seismic tomography results.
Station number (distance

Depth of drill (m)

from the start of line 1 (m))
between 5 & 6

2

between 23 & 25

2

between 34 & 36

1.5

between 39 & 42

1.5
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6.4.2 Survey line 2
The location of the slumped area to the east of the principal spillway is shown in Figure
6.19. The principal spillway is a 54 inches (1.37m) diameter concrete pipe with the top of the
pipe approximately 10 feet (3m) below the surface of the survey line 2.
Survey line 2 starts from the east side toe of the dam and is centered on the principle
spillway. Figure 6.19 shows the location of the geophones on the ground for survey line 2. The
first geophone of survey line 2 and last geophone of survey line 1 are at the same location as
shown in Figure 6.20. This gives a complete coverage around the slumped location in order to
determine whether seepage is coming from the auxiliary spillway direction or through the dam
body.

Figure 6.19: Geophone layout for line 1 on the east of the plunge pool.
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Figure 6.20: Top view schematic of survey line 1 and survey line 2 (not to scale).
The relative elevation of geophones for survey line 2 is shown in Figure 6.21. The

Relative elevation (m)

elevation difference is small as indicated by the elevation profile.

Geophone number

Figure 6.21: Relative elevation of geophones for survey line 2.
A shot record for the shot location at 8.5m is shown in Figure 6.22. The first arrival picks
are indicated by the red “x” signs. Shot gathers are collected for all shot points and processed
using RayfractTM, and the tomograms are viewed using Surfer 8.
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Figure 6.22: Shot gather for survey line 2 from shot location 8.5m.
The P-wave velocity tomogram for line 2 is shown in Figure 6.23. The 500m/s
velocity contour is at a depth of about 1m for the majority of the line. There is a depression in the
velocity contour at the location of the spillway between geophone 20 and 23. The location of the
pipe is indicated by the white circle drawn on the velocity tomogram. There is lower ray
coverage at the pipe location in the ray coverage plot in Figure 6.24. A more impressive anomaly
is the large zone of low velocity to the west of the principal spillway on the velocity tomogram.
This area is between geophone 34 and 41 and at a depth of between 3m and 7m. There was no
visual observation on the surface, such as a slumped area, indicating this feature, but the no ray
coverage zone at this location makes it an area of concern. A big cavity might exist at this
location which could create a problem in the future.
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Figure 6.23: P-wave velocity tomogram for survey line 2 (Geophones 0 to 47).
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Figure 6.24: Ray coverage tomogram for survey line 2 (Geophones 0 to 47).

186

Survey line 2 was subdivided into three lines of 24 geophones each with an overlap of 12
geophones and processed again to focus on the near surface. The first line covers geophone 0 to
geophone 23, the second line covers from geophone 12 to geophone 35, and the third line covers
from geophone 24 up to the end of the spread, geophone 47.
The P-wave velocity tomogram for the first segment from geophone 0 to geophone 23 is
shown in Figure 6.25. The location of the drainage pipe is annotated on the figure. The presence
of the drainage pipe results in a depression in the velocity tomogram. Since the pipe is located at
the edge of the spread it is not clearly showing as a low ray coverage area on the ray coverage
tomogram in Figure 6.26. Two areas of low velocity are shown on the velocity tomogram to the
east of the principal spillway pipe between geophones 4 to 8 and 12 to 16 both at a depth of
about 3m.

N

Figure 6.25: P-wave velocity tomogram for survey line 1 (Geophones 0 to 23).
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These two locations are also shown in the ray coverage tomogram as low coverage areas
indicating the presence of a loose material or piping. These areas could be linked to the slumped
area and springs observed next to the principal spillway. Another low velocity area at depth of
6m between geophones 8 and 12 is also indicated. There is good ray coverage in that location
therefore it could be an effect of the two low velocity zones above it.
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Figure 6.26: Ray coverage tomogram for survey line 2 (Geophones 0 to 23).
The P-wave velocity tomogram of the second part of the second segment going from
geophone 12 to 35 is shown in Figure 6.27. The presence of the pipe does not produce a large
anomaly in the velocity tomogram but is indicated by a slight depression in the velocity contours.
The ray coverage tomogram, Figure 6.28, shows a zone of low ray coverage directly above the
location of the pipe. This could be because the waves originating from the farthest sources are
going below the pipe but cannot propagate through the pipe creating a zone of low ray coverage
above it.
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Figure 6.27: P-wave velocity tomogram for survey line 2 (Geophones 12 to 35).
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Figure 6.28: Ray coverage tomogram for survey line 2 (Geophones 12 to 35).
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The P-wave velocity tomogram of the last segment of line 2 from geophone 24 to 47 is
shown in Figure 6.29. The low velocity area to the west of the principle spillway also appears in
this tomogram. There is another area of low velocity near the end of the spread at a shallow
depth of less than 1m. This could be another area of loose material or piping or an artifact of the
software since we are at the end of the spread.
The ray coverage tomogram shown in Figure 6.30 has a zone of no ray coverage
corresponding to the low velocity zone. There is good ray coverage around this zone indicating
the seismic wave around the zone. The low velocity zone at the west corner is also shown as low
ray coverage zone.

N

Figure 6.29: P-wave velocity tomogram for survey line 2 (Geophones 24 to 47).
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Figure 6.30: Ray coverage tomogram for survey line 2 (Geophones 24 to 47).
Table 6.4 gives a summary of possible compromised zones from line 2.
Table 6.5: Possible compromised zones for line 2.
Indication of possible

Station number (distance

Depth

compromised zone

from start of line (m))

(m)

Depression in velocity contours

3 to 5 and 11 to 15

3

31 to 40

3 to 7

Depression in velocity only

7 to 11

7

Low velocity zone with no ray

43 to 45

<2

and low ray coverage
Low velocity zone with no ray
coverage

coverage

6.4.3 Survey line 3
Survey line 3 is located on the crest of the dam starting from the east abutment and
covers a distance of 70.5m towards the west abutment. The survey area is shown in Figure 6.31.
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Figure 6.31: Geophone layout for line 3 on the crest of the dam.
A top view schematic of the survey location is shown in Figure 6.32 showing the
approximate location of the principle spillway. The spread was extended beyond the principal
spillway. The toe of the dam is approximately 10.5m below the crest of the dam, and the top of
the principle spillway pipe is approximately 13.5m below the crest of the dam.

N

Figure 6.32: Top view schematic of survey line 3 (not to scale).

192

The relative elevation of the geophones in survey line 3 is shown in Figure 6.33. The

Relative elevation (m)

elevation profile for this line indicates a slightly lower elevation towards the east abutment.

Geophone number

Figure 6.33: Relative elevation of geophones for survey line 3.
The shot gather from shot location 68.25m is shown in Figure 6.34 with the first arrival
picks indicated by the red “x” signs. Similar shot gathers were collected for all shot locations and
processed using RayfractTM and the tomograms are viewed using Surfer 8.

Figure 6.34: Shot gather for survey line 3 from shot location 68.25m.
The velocity tomogram for survey line 3 shown in Figure 6.35 shows a uniform velocity
distribution inside the body of the dam. A depth of 30m was covered with a spread length of
70.5m. There is no indication of any kind of problem from the velocity tomogram. This
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observation supports the current assessments that there is no seepage coming through the body of
the dam.
The presence of the principle spillway is not detected in the velocity tomogram which
could be an effect of smoothing by the software considering the small size of the pipe compared
to the overall depth covered by the survey.
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Figure 6.35: P-wave velocity tomogram for survey line 3 (Geophones 0 to 47).
The ray coverage tomogram shown in Figure 6.36 shows an area of high ray coverage
starting from the station 10 to station 60 and between the depths of 3m to 6m. Since the dam
material at the this cross-section is made up of only a combination of clay and silt, it could be an
effect of rain water over the winter seeping into that depth, or it could be an area of more
compaction. A close look at the ray coverage tomogram shows a slight indication of the principal
spillway pipe with a low coverage area coming from the surface and extending up to the yellow
color zone.
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Figure 6.36: Ray coverage tomogram for line 3 (Geophones 0 – 47).
Velocity and ray coverage tomograms of survey line 3 have no obvious anomalies which
supports the initial assessment that there is no seepage occurring through the body of the dam.
6.4.4 Survey line 4
Survey line 4 is located across the auxiliary spillway using 24 geophones with a spacing
of 0.5m. Figure 6.37 show a picture of the survey location.

Figure 6.37: Geophone layout for line 4 inside the auxiliary spillway.
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The survey line was positioned perpendicular to the flow direction in the auxiliary
spillway as shown in the top view schematic in Figure 6.38. This survey was conducted to
determine if the sinkhole further down the auxiliary spillway can be traced back to below the
survey location. The sinkhole is located about 60 feet (18m) further down the auxiliary spillway
from the center of the spread.

N
Figure 6.38: Top view schematic of survey line 4.

Relative elevation (m)

The relative elevation of geophones for spread line 4 is given in Figure 6.39.

Geophone number

Figure 6.39: Relative elevation of geophones for survey line 4.
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Figure 6.40 is a shot gather for survey line 4 at shot location 11.75m with the first arrival
picks indicated by the red “x” signs. Shot gathers from all shot gather locations are then
processed using RayfractTM and tomograms are viewed with Surfer 8.

Figure 6.40: Shot gather for survey line 4 from shot location 11.75m.
The velocity tomogram for this location is shown in Figure 6.41 and shows an area of
lower velocity at a depth of 2.5m and extending down to 3.5m. This area corresponds to a low
ray coverage zone shown in the ray coverage tomogram of Figure 6.42. This large anomaly may
have a connection with the observed sinkhole. This might be the zone of seepage at this location
which is the cause for the sinkhole formation further down the auxiliary spillway.
Two additional low ray coverage zones are shown on the ray coverage tomogram at a
depth of less than 1m between station 3 and 4 and between station 5 and 9. These areas have a
depression in the 500m/s velocity contour line in the velocity tomogram. These zones could be
associated with near surface seepage and the presence of loose material.
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Figure 6.41: P-wave velocity tomogram for survey line 4 (Geophones 0 to 23).

N

Figure 6.42: Ray coverage tomogram for line 4 (Geophones 0 – 23).
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6.5 Conclusion
Visual observation indicates this dam site has been well cleared and protected from heavy
vegetation. Therefore, the dam is clear from seepage and stability problems associated with root
development. The survey conducted on the crest of the dam starting from the east abutment
shows no sign of seepage through the body of the dam. This was indicated by a uniform P-wave
velocity distribution in the P-wave velocity tomogram.
The slumped area at the middle of survey line 1, located to the east of the plunge pool,
could also be associated with water coming across from the direction of the auxiliary spillway.
There is a low P-wave velocity and low ray coverage area just below the slumped area possibly
associated with piping and washed out material. Tomograms from survey line 1 also indicate the
presence of two areas of concern at the start of the spread and an additional 3 areas of concern
around the end of the spread. All these areas of concern are located at a shallow depth of less
than 3m and they are all areas of low P-wave velocity and low ray coverage. This is an indication
that these areas are affected by piping or they are formed with loose soil.
Two zones of low P-wave velocity and low ray coverage zones to the east of the drainage
pipe coupled with the three low ray coverage areas at the end of survey line 1 strongly suggest
there is a connection between these zones and that they are caused by seeping water coming from
the direction of the auxiliary spillway.
The location of the principle drainage pipe is indicated as a depression in P-wave velocity
contours and low ray coverage in survey line 2. There are two low P-wave velocity areas to the
east of the drainage pipe at a depth of about 3m. These zones could be the location of the two
springs exiting to the east of the drainage pipe. Another major area of concern is located to the
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west of the drainage pipe. This area is located between the depths 3m to 7m and it is
approximately 6m wide. This area is shown as a low P-wave velocity area and no ray coverage.
No surface features are observed at this anomaly location.
Possible cause for the formation of the sinkhole in the auxiliary spillway is the washing
of material due to seepage and the formation of sinkhole. The survey conducted across the
auxiliary spillway suggests that excessive seepage is occurring in the direction of the auxiliary
spillway and could result in additional sinkhole formation uphill of the currently observed
sinkhole.
6.6 Future work
a) Inside the auxiliary spillway a number of additional surveys perpendicular to the
direction of flow in the principal spillway should be conducted to track the cause of
the sinkhole formation further upward. A survey line parallel to the direction of flow
is also required to investigate if any seepage is coming across the auxiliary spillway
from the roadway.
b) East side of the toe of the dam a smaller spread should be performed at the east side
of the toe of the dam parallel to the auxiliary spillway and also parallel to the toe of
the dam. These surveys will fully cover that survey area to investigate the source of
the springs to the east of the drainage pipe. A survey at an angle to these survey lines
should also be carried out to fully cover the area.
c) Toe of the dam surveys focusing on the zone located to the west of the drainage pipe
should be carried out to check if the anomaly shown in the P-wave velocity and ray
coverage tomograms of the previous survey are physical features or artifacts.
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d) Simple boring tests since most of the anomalous zones observed in the P-wave
velocity and ray coverage tomograms are located at a very shallow depth, a simple
boring program at the location of these zones can be used to check the formation of
cavities or the presence of loose zones. A colored dye can also be used at these
locations to check the presence of active seepage.
A summary of the locations of future survey lines is shown in Figure 5.43.

Figure 6.43: Suggested locations of future survey lines.
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7. CONCLUSION
According to the National Inventory of Dams, there are approximately 74,000 earthen
dams in the United States (NID, 2009). This number accounts for 87% of all dams. The majority
of these earthen dams are past or approaching their projected life expectancy of 50 years. There
is also an estimated 122,000 miles (196,340 km) of levees currently in use. Even though all
manmade infrastructures are constructed with appropriate safety considerations, they are never
fully free from risk. Poorly designed, constructed, operated, or maintained dams and levees
increase risk as they provide false security. Recent catastrophes associated with failures in these
structures impose an urgent need to investigate the integrity of these earthen structures in order
to avoid loss of life, property damage, and environmental damage.
The traditional approach to a full and in-depth inspection of an earthen dam includes a
visual inspection, a formal inspection, and a safety review. Visual inspection involves walking
on all the accessible parts of the dam and carefully examining the surface of all parts of the dam
structure. A dam safety review includes all visual inspections, formal inspections, and laboratory
tests on the dam soils. It includes an in-depth investigation of the structural stability of the dam
starting from the design assumptions used. This type of investigation is usually performed when
the dam is classified as high hazard.
Failures in earthen dams can be caused by overtopping, foundation defects, piping and
seepage, and due to defects in hydraulic structures. The second most common cause of failures in
earthen dams is piping and seepage. Piping and seepage are internal problems of earthen dams
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and levees. This makes them hard to identify at an early stage with common visual inspections
because they are only detected visually once the damage has progressed to an advanced stage.
Therefore, there is a need to investigate the internal structure of dams to identify problems of
seepage and piping at an early stage. One possible technology is seismic tomography.
Seismic tomography provides spatial information across sections of the dam or levee,
which can be used to identify internal problems of a dam or levee associated with seepage and
piping. The other advantage of using seismic tomography is that, it is a nondestructive method of
subsurface investigation. Unlike drilling, seismic surveys can be performed multiple times at the
same location without causing any damage to the dam or levee. However, the disadvantage is
that the information is in terms of seismic velocity, which is an indirect measurement of the
mechanical strength of a material.
Forward modeling of a dam having different compromised zones representative of
seepage and piping indicate that the largest effect would be observed in the P-wave velocity
tomogram. When the zones are saturated a large P-wave velocity occurs due to the high
incompressibility of the water in the pores. According to Gassmann’s assumptions used in the
model, the shear modulus of the soil frame is not affected by the addition of water and the Swave velocity would decreases due to the increase in bulk density. It was also noted that, a
combination of high P-wave velocity and low S-wave velocity can be indicative of possible
zones of seepage whereas a combination of high P-wave and S-wave velocity would be an
indication of stiff or better compacted dam. If both the P-wave and S-wave velocity are low, it is
an area of weak or loose soil.
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There are several field methods for acquiring seismic data. S-wave refraction surveying is
more time consuming and labor intensive than P-wave refraction survey; it requires one more
additional hit at every location than in P-wave refraction surveying. The spikes at the bottom the
source plate makes it difficult to perform S-wave refraction surveying on very stiff soils. For the
same survey length, the MASW survey requires the shortest time. This is because fewer shots are
required, and the survey line can progress to the next position only after a few offset shot
gathers. Furthermore, data for an MASW survey can be collected during the P-wave seismic
refraction survey by adding a few more shots at longer offsets from the line. Improvement in
data collection time can be made by using land streamer when possible. A land streamer is an
array of geophones designed to be towed along the ground. This system greatly increases
productivity by reducing the time of data collection.
Processing of S-wave seismic data takes longer than processing P-wave refraction. This
depends on how the processing software handles the shot gathers taken at the same location for
S-wave refraction survey. If the processing software does not automatically superimpose the two
shot records, it takes a longer time to arrange all the shot gathers and obtain first arrival times.
Arrival time picking in P-wave processing can be done automatically or manually and only
requires importing the shot gathers to the processing software. Processing of MASW data is less
time consuming than processing of P and S-wave refraction data.
Drewery Lake Dam is an earthen dam located in Oxford, Mississippi. P-wave and Swave refraction, and MASW surveys were conducted on this dam. The abutments of the dam
were indicated in both the P and S-wave velocity tomograms as a rise in the velocity contours
consistent with the shape of the abutment. The S-wave velocity map derived from the MASW
measurements did not indicate features consistent with the abutments. The principle drainage
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pipe located at a 6m depth was detected in the P-wave velocity tomogram with a depression in
the velocity contours. The low P-wave velocity around the pipe is an indication of the lower
compaction of the trench excavated for placing the drainage pipe. An exaggerated ray coverage
map for the P-wave refraction indicates the location of the pipe as a low circular ray coverage
zone. The S-wave velocity tomogram does not clearly indicate the location of the pipe. The dam
has several near surface zones with low P-wave and S-wave velocity suggesting areas of loose or
weakly compacted soil.
The S-wave velocity map from the MASW survey indicates the location of the pipe in
two different forms, high and low S-wave velocity zones above the drainage pipe, depending on
the data processed. This illustrates the problem of ambiguity associated with seismic surveys,
where the same survey at overlapping locations yields two different results.
Big Nance Site 4 is an earthen dam located in Lawrence County, Alabama. This dam has
known problems associated with piping and cavernous areas. Tomograms from P-wave seismic
refraction surveys on the dam were able to locate the principal drainage pipe in both the velocity
and ray coverage tomograms. P-wave refraction results showed additional possible compromised
areas as indicated by low P-wave velocity and low ray coverage. These areas could be the result
of piping or cavity formation. A large anomalous area of lower P-wave velocity and low ray
coverage was observed to the left of the principal drainage pipe. This area requires further
investigation. A survey conducted across the auxiliary spillway suggests that the sinkhole found
downhill from the survey line could extend further up the slope in the auxiliary spillway.
Combining both P-wave and S-wave seismic tomograms could be useful for enhancing
the interpretation. For example a zone of high P-wave velocity inside the body of a dam could be
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due to high compaction or wetting. Therefore it is difficult to identify the cause based on P-wave
velocity only. If the zone has high P-wave velocity and low S-wave velocity, it is a clear
indication that the zone is wet. A combination of both low P and S-wave velocities can be used
as indication of a loose or weakly compacted zone whereas high P and S-wave velocities indicate
the zone is more compacted and stiff.
The use of P-wave and S-wave surveys can provide a better interpretation and
understanding of the subsurface. Field work also showed that P-wave and S-wave refraction
surveys indicate known structures of dams, such as the abutment, better than MASW survey.
Contribution was also made in the investigation of Big Nance Site 4. Locations of existing and
possible future problematic zones were identified using seismic refraction surveys.
In conclusion, combining multiple seismic surveys, such as P-wave refraction survey, Swave refraction survey and MASW survey, can provide useful information for the integrity
assessment of earthen dams and levees in a cost effective and nondestructive way. Seismic
surveys on dams provide good spatial information of the interior of the dam whereas boring
provides information at a specific location. Seismic surveys are more effective to investigate the
interior along the entire length of the dam. Information from these surveys can be used to guide
engineers in deciding where more information by drilling is required.
Future work should include additional numerical modeling, using more realistic
descriptions of the mechanics of soils, to improve the interpretation of seismic tomograms. This
will provide vital information to the design of future field investigations and also provides an
insight of what to expect from real field investigations. P-wave and S-wave velocity tomograms
could also be used to calculate Poisson’s ratio distribution of dams and levees, which will
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provide additional information to identify zones of piping and seepage. The use of ray coverage
tomogram for the identification of physical properties of dams and levees is also an area which
requires more research.
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